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THE 1,5-GeV ELECTRON SYNCHROTRON IN TOMSK
POLYTECHNIC INSTITUTE

A.A. Vorob'ev, M, N, Volkov, A, G, Vlasov, UDC 621,384.612
V. A Vizir', I, A, Gabrusenko, M, I, Dvoretskii,

G.I,Dimov, A, N, Didenko, V,V,Ivashin,

V. N, Eponeshnikov, V.A,Kochegurov, V, M.Kuznetsov,

S. A, Kuznetsov, V. N, Kuz'min, B, N, Kalinin,

P, P,Krasnonosen'kikh, N, A, Lashuk, L,I, Minenko,

Yu. K, Petrov, G, A, Sipajlov, B, A, Solntsev, G. P, Fomenko,

I.P.Chuchalin, M, T, Shivyrtalov, and P, M, Shanin

A 1.5-Gev electron synchrotron is described. The synchrotron is of the weak-
focusing type with a magnetic-field fall-off index of n=0.58 The machine operates
under pulse conditions, with a repetition frequency of 1 cps. The injector is a 5.5-MeV
microtron., A voltage of 240 kV is required to accelerate electrons to 1,5 GeV, and this
is designed to be supplied by two resonators. An energy of 1.1 GeV and an accelerated
beam intensity of 1.2-1010 particles per pulse was obtained in 1965 on a synchrotron
with one resonator, '

Work on setting up the "Sirius" synchrotron in Tomsk Polytechnic Institute began in 1954 on the
initiative and under the direction of A, A, Vorob'ev,

The "Sirius" synchrotron (Fig. 1) differs from other analogous accelerators in a number of
features. For weak focusing, its energy is comparatively high, and together with the long acceleration
period this enables the effect of quantum fluctuations on the motion of the particles in cyelical accele-
rators to be studied.

Fig. 1, General view of synchrotron "Sirius."

Translated from Atomnaya f}nergiya, Vol, 21, No.6, pp.435-439, December, 1966, Original
article submitted August 1, 1966,
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Injection on the curvilinear part of the magnet was used for the first time. Investigations showed
that the difficulties associated with conducting the beam in a stray magnetic field could be overcome,
and that the electrical field of the inflector could be made three times lower than that required for
injection in the rectilinear gap. This enabled the injection energy to be brought up to 12 or 15 MeV
with reasonable voltages on the inflector plates, i.e., to produce a substantial increase in the number of
particles accelerated in the synchrotron.

The synchrotron "Sirius" operates under pulse conditions with a repetition frequency of 1 cps,
selected from economic considerations. The pulse condition required the development of a high-power
switching system (over 60 kVA). i

The individual components of the accelerator are described below.

ELECTROMAGNET AND ITS SUPPLY SYSTEM

The electromagnet of the synchrotron consists of four sectors separated by linear gaps free from
magnetic field. The radius of the equilibrium orbit in the sectors is 423 cm, the length of the recti-
linear part 157 cm, and the magnetic-field fall-off index 0.58.

The electromagnet units of the synchrotron are made of E£-12 electrotechnical sheet steel 0.5 mm
thick. The maximum induction in the steel is 16,000 G. The required accuracy in manufacturing the
plates was achieved by two-stage stamping. Each magnet sector consists of 24 C-shaped units with the
gap on the outside. The height of the gap at the radius of the equilibrium orbit is 12 cm. A steel block
60 mm thick serves as base for the sectors.

The blocks are fixed to welded bearing girders, which in turn are fixed into a reinforced-concrete
foundation. The blocks are set to an accuracy of +0.15 mm in height and + 0.1 mm in radius. The
setting with respect to height is achieved with a hydro-leveling system and with respect to radius by
means of special measuring calipers. Magnetic measurements were carried out in all the units before
assembly. The order of the units in the sectors was determined from the results of these measurements,
on the principle of minimizing the lower harmonics obtained on expanding the magnetic-field inhomogenei-
ties into a Fourier series. The median geometric plane of the units was established to an accuracy of
+1.5-10~2 rad relative to the horizontal and + 0.2 mm in height. In the radial direction the units were
set to an accuracy of + 0,4 mm. The azimuthal dimension of the magnetic sectors was established with
a theodilite, to an accuracy of 3-10-% rad, by setting the end units of the sectors exactly and varying
the dimensions of the individual units inside the sectors. The geometric angle of the sectors equalled
88°59' + 1' . The weight of the active steel in the magnet was 115 tons. The windings of the electromag-
net were copper tubes of outer diameter 22 and inner diameter 12 mm. These were cooled with distilled
water, the flow being 22 m®/h.

Correction for the following characteristics of the magnetic field is provided in the synchrotron
at the injection stage: magnetic-field index and median surface radial component of magnetic field
at each end of the sector, first and second harmonics of inhomogeneities, and effective angle of the
sector. '

) After assembly of the electromagnet, magnetic measurements were made in order to ascertain

the required correction parameters. The measuring program included investigations relating to various
levels of magnetic field, the azimuthal and radial distributions of field index, the shape of the median
surface, and the radial component of the field in the rectilinear gaps.

The magnetic measurements showed that the greatest distortions of magnetic field on injection
were due to the residual magnetization of the magnetic circuit, as a result of which the radial distor-
tion of the orbit reached = 4.8 cm and the magnetic-field fall-off index 1.02. In order to remove the
residual magnetization, the electromagnet is demagnetized after each working cycle by the unipolar
current pulse of amplitude 400 A flowing through the principal winding of the electromagnet. The greatest
vertical distortions of the orbit (up to + 1.7 cm) at the level of the injection field were due to the Earth's
magnetic field in the rectilinear gaps.

After demagnetization, the magnetic-field fall-off index n=0.8, and the radial and vertical dis-
tortions of the orbit are +1.82 cm and + 1.7 cm respectively. The magnetic-field corrections system
enabled the distortion of the orbit in the vertical plane to be reduced to + 0.5 cm and that in the
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horizontal plane to +0.52 cm for low fields. The magnetic—field fall-off index at the level of the in-
jection field equals 0.58 after correction.

For medium and high fields (500 to 12, 000 Oé), the distortion of the field is insignificant and
lies withing tolerance limits (+ 1cm). The tolerances on the deviation of n were set at + 0.03 for n = 0.58.

The electromagnet is excited by a condenser-battery discharge into the electromagnet windings via
a thyratron switch. The current pulses are of sinusoidal shape with a half-wave period of 84 msec and
an amplitude of 5140 A. The pulse repetition frequency is 1 cps. The condenser battery is charged from
a controlled rectifier rated at 800 kW, operating on the Larionov principle. In the intervals between
current pulses, the condenser battery. is charged from 10 to 12.4 kV. The battery comprises 1728 pulse
condensers of the IM-3/100 type connected in series-parallel. The current is switched by 18 TR1-85/15
thyratrons connected in antiparallel. Division of the current between the thyratrons is effected by means
of two-pin anode dividers. The rate of growth of the magnetic field at the moment of injection is re-
duced from 450, 000 to 110, 000 Oe/sec by means of saturation chokes in series with the windings of the
electromagnet. The reproducibility of the magnetic field from cycle to cycle is kept within + 0.2% by
stabilization of the voltage on the condenser battery. The demagnetizing pulse is created by a special

circuit. This circuit consists of a three-phase rectifier, an 1800-yF condenser battery, and two
TR1-85/16 switching thyratrons.

ACCELERATOR 'CHA:MBER AND VACUUM SYSTEM

The accelerator chamber consists of four circular and four straight sections. . The circular sec-
tions include 16 curved porcelain-sectors glued together with an epoxy compound. The conducting coat-
ing in the porcelain sections is formed by a film of stannic oxide. The cross section of the working part
of the chamber is oval in shape, 23 cm over the radius and 8.4 cm vertical.

The straight parts are made of copper tubes with an internal diameter of 23 cm.

The vacuum chamber is evacuated with four N-5T pumps rated at4000 liter /sec each and two N-5S
pumps rated at 500 liter/sec,

After continuous pumping for 72 h, the vacuum in the middle of the curvilinear parts reaches
3.10-% mm Hg.

In order to indicate the presence of the electron beam during the initial turns, some 20 different
indicating devices (fluorescent grids and probes, Faraday cylinders,shadow flags) are placed in the
accelerator chamber; these enable the electron current to be measured and the position of the beam to
be determined relative to the cross section of the chamber.

INJECTION SYSTEM

The injector used for the éynchrotron is a microtron, giving a beam of 5-MeV (ch.S%) electrons,
with a pulse current of 30 to 40 mA and a pulse length of 3 usec.

The energy of the injected electrons is maintained at the required level by stabilizing the magnetic
field of the microtron to an accuracy of +0.2%. The electron beam emitted from the microtron is in-
troduced into the accelerator along the vacuum tract. The beam is focused in the tract by means of two
pairs of quadrupole lenses, enabling the over-all focal length to be varied by regulating the current in
the windings. Two magnetic correctors placed after the lenses provide a paraliel displacement and a
change in the angular direction of the beam in the vertical and horizontal planes. An interrupter and
collimator placed in the tract make it possible to limit both the geometrical dimensions and duration of
the beam while the synchrotron is being adjusted. The electrons are introduced into the accelerator
chamber by means of a straight electrostatic inflector placed in a gap-of the electromagnet. The in-
flector plates are divided into three parts, to which voltages of 5.9 and 13 kV are supplied from sepa-
rate sources (the gap between the inflector plates is 1 cm). The introduction of particles along the
tangent to the orbit in the magnetic sector (in contrast to introduction in the linear gap) enabled the
electric field between the inflector plates to be considerably reduced.

The supply to the principal units of the microtron and injection tract is stabilized to an accuracy of
+ 0.2%, and that of the inflector to + 0.05%.
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ACCELERATING SYSTEM

The electrons are accelerated in the synchrotron by twotoroidal brass resonators, in each of
which a hf voltage with an amplitude of 120 kV is designed to be excited. The resonators are constructed
in such a way that their working cavities (situated in vacuum) experience no mechanical loading. For a
working frequency of 36.5 Mc/sec, the Q of the resonator equals 2000 and the shunt resistance 50 k.,
The resonator incorporates elements for adjusting the frequency and eliminating hf-resonance discharges.
The resonators are excited from the final stages of a hf generator, the excitation pulse being fed to the
first resonator at the instant of the quasi-betatron state and to the second after 20 msec, when the radia-
tive energy losses of the electrons become considerable. Quite stringent demands are imposed on the
rate of voltage rise in the hf generator, For an equilibrium accelerating voltage of 1500 V, the optimum
value of the initial voltage equals 4500 V and this must be established in 1 to 2 psec.

In order to satisfy the demands laid on the form of the hf voltage envelope, anode-grid-cathode
modulation is used in the final stage feeding the first resonator. The anode modulation is effected by a
rectangular voltage pulse, the grid modulation by a voltage determining the law of amplitude variation of
the hf voltage during acceleration, and the cathode modulation by a short pulse in the initial period of
acceleration, in order to reduce the growth time of the amplitude of the hf voltage in the resonator gap,
In the final stage exciting the second resonator, anode-grid modulation is used, The final stages com-
prise tubes of the GU-4A type and are set in the center of the accelerator,

The hf generator is based on a multistage circuit., The hf tract is divided into two channels at a
high power level after the penultimate stage, The generator power is 160 kW,

ACCELERATOR CONTROL AND ARRANGEMENT

The operation of the individual systems of the accelerator are controlled by a synchrogenerator,
The control-pulse generation system consists of Perma’iloy magnetic-field detectors, turns encircling the
electromagnet, an integrator, a delay system, and a control-pulse shaping circuit. The corresponding
pulses are tied to the value of the magnetic field, with an accuracy of +0.02% at low and 0,19 at high
fields, The stability of the control-pulse generating system is kept within £0,002% by means of a
standard-voltage source (50 V),

The operation of the magnet-supply system is controlled by a master generator giving pulses at a
frequency of 1 cps. '

The electron synchrotron, the electromagnet-supply system, and-the central control desk are
situated in individual rooms with a total area of 750 m?, In order to reduce the thickness of the protective
walls and the background of radioactive radiation outside the synchrotron room, the floor of the accele-
rator room is depressed 3 m below ground level, In addition to this, the synchrotron room is surrounded
by an earth rampart 2 m high on the outside, Alongside the synchrotron room and at the same level is an
experimental room into which beams of high-energy y-radiation are directed.

STARTING THE ACCELERATOR

In the course of preparatory work prior to starting the synchrotron, the motion of the electrons in
the accelerator chamber was studied. The first turns of the heam were adjusted at small injection cur-
' rents, at which the background of y-radiation fell below
the tolerance level and enabled the synchrotron staff to
observe the position of the electrons in the chamber vi-
sually by means of fluorescent grids and probes. Condi-
tions were dangerous only near the microtron injector,

For large injection currents, a television-based
remote-observation system was used.

The first rotation of the electrons was obtained at
once by setting up the calculated currents in the magnetic-
field correction systems, the calculated voltages on the
inflector plates, and the calculated injection phase,

Fig. 2 Oscillogram of signal from the mag-
netic pickups,
The accelerator was started with a slightly reduced
voltage on the electromagnet (10,4 instead of 12.4 kV),
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using one resonator, in which a hf voltage with an amplitude of the order of 50 to 80 kV was excited, Under
these conditions, the electrons were accelerated to an enérgy of the order of 1.1 GeV, . Further increase
in the energy of the accelerated electrons was limited by the amplitude of the hf voltage on the resonator.

In order to measure the circulating current, two magnetic pickups, comprising annular coil-bearing
magnetic conductors, are set in one of the straight parts of the vacuum chamber, During injection andthe
quasibetatron state, the current is measured by means of a pickup with a Permalloy core, The pickup
reproduces pulses up to 10 usec long without noticeable distortions. The current of the bunched beam is
measured during acceleration by means of a ferrite pickup tuned to a bunch-transmission frequency of

. 36.5 Mc/sec, The windings of the pickups are connected in series; the signals from these are amplified

by a preamplifier and fed to a control-desk oscillograph, on which the current may be observed at any
instant from injection to the end of acceleration, Figure 2 represents an oscillogram of a signal from
the magnetic pickups, showing that there are no serious losses of electrons during acceleration,

For a 20-mA current taken from the microtron, some 10 to 12 mA were introduced into the chamber,
The current built up in the quasibetatron state was of the order of 100 mA. The intensity of the electron
beam at the end of acceleration was 1,2:10!° particles per pulse.

This intensity is not the maximum possible for the synchrotron in question. The microtron
operates in a comparatively easy condition; its amplitude and current-pulse length may be made greater,
There are also other reserve conditions for increasing the accelerated charge.

At the present ﬁme, the construction of new resonators is being completed, and work on trans-
forming the electromagnet supply system into the nominal state is being pursued; a new and higher-
energy microtron is also being prepared, and other work is continuing with a view to providing the
accelerator with its designed parameters,
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LINEAR INDUCTION ACCELERATOR

A.I. Anatskii, 0O.S. Bogdanov, UDC 621,384,622
P.V. Bukaev, Yu. P, Vakhrushin,

I.F. Malyshev, G.A. Nalivaiko,
A.I. Pavlov, V. A, -Suslov, and
E. P. Khal'chitskii

The construction and operating principles of a heavy-current linear

induction. accelerator yielding 3-MeV electrons and pulse currents up.to. 200 )
A are described. Results obtained on one section of this accelerator are

presented. The electron current is: 180 A (pulsed) with an energy of 485

keV; the pulse duration at a level of 0.95is 0.35 psec,

The creation of-electron accelerators with beam currents of hundreds and thousands. of amperes
‘makes it possible to study the energy stored in a beam of accelerated electrons, ‘Such accelerators
enable us to study the creation and maintenace of hot plasma [1] and also.to explore possible new methods
of acceleration [2]. Such investigations demand a relativistic electron beam of considerable extent with
a uniform particle density over its whole length. Such beams may be obtained by the induction method of
acceleration proposed by Buwers in 1923:[3]. This method enables us to set up an accelerator possessing
the advantages of waveguide-type linear electron accelerators, especially as regards the simplicity of
introducing and extracting the beam, and the possibility of increasing the energy by adding to the number
of identical sections. In addition to this, with video-pulse operation of the accelerator, the focusing of
the beam is considerably simplified, and practically all the particles may be drawn into the acceleration
condition- for any injection energy.

In 1962 members of the D. V. Efremov Scientific-Research Institute of Electrophysical Apparatus
(NIIE FA) designed a linear induction accelerator, calculated to produce an energy of 3 MeV and pulse
currents up to 200 A, The first section of this accelerator was made and set up-in 1963. Experience
in making and setting up the first section enabled us, to a certain extent, to overcome the technological ¥
difficulties of production and to refine the operating characteristic of the
accelerator, The experience thus built up enabled us to initiate manufacture of
the whole complex of equipment. : :

Assembly and adjustment work is being carried out at the present time.
The starting of this accelerator enables us fo.indicate its various characteristics
and advantages more fully, and opens. the way to a wider use of the heavy-
current induction.accelerator in various fields of investigation,

OPERATING PRINCIPLES OF THE ACCELERATOR

The operating principles of the linear induction accelerator are based on
the use of an electrical eddy field excited in the system for the acceleration of
the electrons. The system consists of several ring-shaped transformers
(Fig. 1).

o It is obvious that, when there is 2 simultaneous change of magnetic flux in

Fig.1. Accelerator the transformer cores (inductors), an electrical eddy field

system: 1) exciting

winding; 2) inducto - r o 4B

g; 2) inductor E— _TQW (1)

core.
is excited on the axis of the system, where E is the eddy field, n is the number «
of inductors in the system, I is the length of the system, Q is the cross section

Translated from Atomnaya Energiya, Vol, 21, No.6, pp.439-445, December, 1966. Original
article submitted April 14, 1966,
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of the inductor core, and dB/dt is the rate of change of induction in the core. In order to obtain a
relativistic beam of electrons with a charge density uniform over its whole length, we must ensure a
linear variation of induction with time, In this case expression (1) has the form

n AB 2
E= 2022 (2)

where AB is the induction increment, 7; being the time for the rise in induction, The energy possessed
by an electron in this system is : ,
W—el(Edl=emn@lZ, (3)
o i
where e is the charge on the electron. Constant rate of change of induction may be ensured by feeding the
primary winding of the inductor with a voltage of rectangular form and a pulse length T;-

In order to obtain an accelerating field of hundreds of kV/m with reasonable accelerator dimensions,

the value of AB/Ti should be 10® to 10" T /sec, which makes considerable demands on the material of the
cores and switching equipment.

The geometrical dimensions of the accelerating system are chosen in accordance with the given
inhomogeneity of particle energy A W/A W, at the output, on the assumption that the particles are
accelerated without any change in the radial coordinate:

R RN\2 AW '
T<t(5) | @
where R is the average radius of the inductor and r is the radius of the electron beam.

The maximum possible current of accelerated electrons in the apparatus, assuming the existence of
focusing sufficient to compensate the repulsive effects of space charge, is mainly determined by the
power of the switching element in the primary circuit of the inductor; at the present time this may be
brought up to 1000 A /pulse, a value unattainable in accelerators of other types. This is one of the princi-
pal advantages of the linear induction accelerator,

CONSTRUCTION OF THE ACCELERATOR

The arrangement of the linear induction accelerator is shown in Fig.2. The accelerator consists of
a series of accelerating sections (Fig.3a, b). Each section consists of 12 inductors. These are fixed
with rubber gaskets in such a way that a hermetic cavity capable of sustaining a vacuum of 5. 10 ¢ mm Hg

.

76000
17070 {Over-all dimensions)

Fig.2. Arrangement of principal equipment. 1}, 2) Accelerating
sections with focusing system; 3) vacuum pumps; 4) electron gun;
5) electron-gun pulse supply (spark gap, shaping line, pulse
transformer); 6) pulse supply for accelerating sections.
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Along 44

2
h A 1365

P80

8530

IMRIAAN |2 AR |

8220

= — = —
a .
_ Fig.4. Inductor: 1) core; 2) synthetic
Fig.3. Accelerator sections: 1) inductor; rubber; 3), 4) insulating washer; 5)
2) vacuum sealing; 3) connecting tube. exciting winding; 6) focusing coil.

is formed inside the section, This construction of the accelerator section eliminates the necessity of a
special vacuum tube. The individual sections are connected in pairs by special tube systems. In the gaps
between the units so formed are pumping systems and beam-detecting devices, As there was insufficient
data regarding the reliability of operation of the sections over a long period of time when the accelerator
was being developed, it was considered necessary to provide for the possibility of placing a vacuum tube
(which clearly reduces the aperture of the accelerator) inside the sections.

The arrangement of the inductor is shown in Fig.4. The core is made of 50NP alloy strip 0.02 mm
thick. The core is wound on a special machine, in which an insulating layer of magnesium oxide is de-
posited by cataphoresis at the same time. After winding, the core is annealed in a vacuum furnace in
accordance with a special program, with a maximum temperature of 1150 = 20°C, The cores so prepared
have the following characteristics: '

space factor . . . ... .. o i 68 to 70% - -
saturation induction . . ... ... e 145 T
pulsed induction increment(with remagnetization). . .. 1.8 T

After annealing, the core is placed in insulating wasp’érs made of glass-mica, Synthetic rubber is
poured into the gap between the core and washers. The joints between the washers are stopped with an
epoxy compound. The insulating washers and rubber layers ensure the necessary electrical insulation of
the core from the exciting coil and also protect it from mechanical and thermal stresses, thus preserving
the magnetic characteristics while the inductor is being manufactured, transported, and used.

The exciting winding is made in the form of a torus of rectangular cross section(in agreement with
the shape of the core). This shape of winding ensures minimum leakage fields and a reasonably good
outlet for the heat evolved in the core; it also enables the inductor to be made in the form of a vacuum-
tight element. '

All the components of the inductor are fixed with an epoxy compound, the composition of which is
chosen so as to ensure minimum gas evolution from the surface of the inductor and minimum shrinkage
on application.

The focusing system consists of several cylindrical coils, each of which is fixed on the inner side
of the inductor. These coils create an axially-symmetric magnetic field which compensates the mutually-
repulsive forces in the space charge of the beam. The value of the field is chosen so as to conform with
Brillouin flow; in the case under consideration, with a beam diameter of about 3 cm, the field should
equal 28,000 A/m,
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50-cps mains

! 2 3

e

‘starting system
for auxiliary 4

equi pment .
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|
!
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Fig.5. Pulse supply system for the induc-
tors: 1) amplifier; 2) synchronization unit;
3) demagnetizing unit; 4) pulse-limiting
filter; 5) load (group of three inductors);
6) measuring pickups (Rogowski belt and
voltage divider); 7) principal modulators;
8) sub-modulators.

<
4
-4
L5
§
7
Fig. 6. Principal modulator:
1) charging resistance; 2)
» section of shaping line; 3)
N . . . .
shaping line; 4) switching sys-
L tem (pulse thyratron); 5) Ro-
A gowski belt; 6) pulse voltage
divider: 7) coaxial cables.

The vacuum system is the same as those normally
used in accelerator technology; it enables a vacuum of
5to 7- 10_-7 mm Hg to be maintained in the electron-gun
regionand5-10-* mm Hgin the accelerating sections.

The electron gun used comes from a standard
klystron. On emerging from the gun, the electron beam
has the following parameters: current 200 A,energy 300
keV, diameter 3 cm. :

PULSE SUPPLY SYSTEM

The linear variation of magnetic flux in the inductor
cores is effected by means of a high-voltage short-
rectangular-pulse shaping system,

Bearing in mind the available switching devices and
magnetically-soft materials, the following pulse paramet-
ers were chosen: pulse length 0.5 usec, load voltage 15 kV.

The pulse supply system is illustrated schematically .
in Fig.5. The principal modulator, of the coaxial type
(Fig; 6), consists of a shaping line and hydrogen thyratron,
This serves as a source of supply for three parallel in-
ductors. The total number of modulators is 68, Owing
to the nonlinear variation of load during the pulse, a hyper-
bolic shaping line [4] with links of identical capacity, en-
suring a pulse of rectangular shape at the inductors, is
employed., The shaping line consists of eight or- nine links.
Each link is assembled from 28 ceramic condensers, and
the capacity of a link is about 5000 pF. The shaping lines
are supplied from a 35-kV rectifier through charging
resistances. ’

The electromagnetic energy is transferred from the
modulator to_each inductor by three coaxial cables con-
nected at three points 120° apart., The power of the

v ZSUpply system is sufficient to operate a linear induction

accelerator with a frequency up to 50 cps. "The synchro-
nization unit has five output channels for starting the
principal modulators, injector, oscillograph, and other
components of the apparatus, All the channels are elect-
rically connected by means of a common input to a select-
ed phase of the mains voltage supply. The pulses of the
various channels may be arranged relative to one another
by means of controlled delay lines, Demagnetization of
the inductors is effected by means of a current of mains
frequency. The demagnetizing circuit includes a high-
voltage pulse-limiting filter. The current and voltage
pulses are measured by a double-beam oscillograph, the
signals for which come from the Rogowski belt and pulse
voltage divider,

RESULTS OF TESTS ON AN
ACCELERATING SECTION

The calculated data obtained during the development
of the accelerator were verified with respect to the opera-
tion of the injection section (Fig. 7).
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Fig.7. Injector section.

Fig, 8. Oscillograni of current (i) and
voltage (U) pulses obtained for one
group of inductors,

Passing from right to left, the photograph shows: the elec~

tronguninits insulated oil tank, the vacuum tube, four focusing

lenses, and one acclerating section consisting of 12 inductor~

After adjusting the injector section, its efficiency was
determined in a continuous 75-h run under rated conditions.
The preliminary adjustment included vacuum-conditioning of
the whole volume, production of the calculated value of beam
current, selection of the current in the focusing system so as
to obtain the best transmission of the beam, selection of the
shaping-line components so as to obtain a rectangular voltage
pulse, and synchronization of the modulators, electron gun,
and measuring equipment, The section was tested in con-
junction with the vacuum tube, and the vacuum parameters of
the section were also tested without the accelerating tube.

In order to make best use of the magnetic properties of
the cores, attention was paid to ensuring that the groups of
three inductors supplied from one modulator should have
identical V /A pulse characteristics. In order to ensure

that the nonuniformity of the flat part of the voltage pulse should not exceed 5%, it proved necessary to
adjust the wave impedances of the sections of shaping line by varying their inductance, Figure 8 shows
an oscillogram of the voltage U and current i of one group of inductors.

On average, the length of the leading edge of the pulse equals 0,18 psec, that of the flat part 0.35
usec, and the amplitude of the voltage 15-5 kV, Adjustment of the delay lines in the starting channels
of each sub-modulator ensured simultaneous operation of all the modulators (to within 0.05 psec).

Figure 9 shows the cathode emission current as a function of voltage U,. Tests confirmed that the
life of the cathode was considerably affected by the presence of oil vapor in the region surrounding if.
We see from curves 3 and 4 that the transmittance of the beam through the system reaches 0.9. The
optimum longitudinal focusing field equals 26, 000 A/m, in good agreement with computed data. The
field in the cathode region is also almost zero, and this corresponds to the conditions for the existance of
Brillouin flow. The beam diameter at the collector equalled 15 to 20 mm (Fig, 10). The data presented

_were obtained by measuring the total emission current of the cathode with an oscillograph, the input

signal for this being taken from a resistance in the secondary circuit of the gun pulse transformer. On
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Fig. 9.

Fig.9. Cathode-emission (1-3) and collector (4) currents: 1) - calculated curve for
perveance P=1,7 1078 A/v3/ %, 2) experimental curve obtained with a vacuum of 5
to 710 "mm Hg in the cathode region; 3) averaged experimental curve taken over
five cathodes; 4) average collector current obtained for five experiments.

Fig.10. Trace of the beam on a fluorescent screen beyond the collector,

emerging from the section, the beam fell on a collector; the current

was similarly measured by means of an oscillograph and a resistance

in the collector circuit. The shape and position of the beam were ob-

™1
|t
| et

served on a fluorescent screen lying behind the tantalum (collector)

plate. The energy of the accelerated-electron beam was estimated

from the sum of the inductor voltages and also from the collector-
current increment due to the increase in electron velocity, The

energy values measured by the two methods agreed closely.

- Figure 11 shows the pressure/pumping-time curve of the sect-

~ ion in the absence of a vacuum tube, The pressure was measured at

~ the end of the section furthest from the vacuum pump,

The following data were obtained on testing the induction-
accelerator section: ‘

pumping time,

6 24 32 40 48th Maximum current of accelerated electrons. . 180 A

, L Maximum energy of injected electrons , ... 300 keV
Fig,11. Pressure inside the

. X R Energy of accelerated electrons , ....... 485 keV
acceleration section (without Gun-current pulse length 2.2 usec
the tube) as a function of piise enghh......... T

Accelerating-voltage pulse length . . . , , .. 0,35 usec
Leading edge of accelerating-voltage pulse . 0.18 psec
Average accelerating-field gradient . . ,, . . 310 kV/m
Diameter of accelerated beam (at exit) ., ..., 2 em

The following members of the staff of NIIEFA took part in the tests on the first section, in addition
to the authors of this article: P. A. Alekseev, L. M, Andrezen, A.V, Belyaeva, O.D. Volodin, M. A,
Gashev, V.K. Gagen-Torn, N.K. D'yachenko, N.V, Toloknov, Yu.V. Lebedev, A.A. Markhel'. P.G.
Moreev, A.V, Popokovich, A. N, Popov, 8.V, Promyshlyaev, G, L. Saksaganskii, Ya. L. Mikhelis,

and A, T, Chesnokov,

The authors are grateful to Academician V.I. Veklser and V. P. Sarantsev for interest and help
in this work.
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TIME STRUCTURE OF PARTICLEI BEAMS OBTAINED
FROM THE SYNCHROCYCLOTRON IN THE UNITED
"INSTITUTE OF NUCLEAR RESEARCH (0OIYal)

V. G. Zinov, S. V. Medved', UDC 621,384.611.1
and E. B Ozerov .

The form of the intensity-distribution curves (plotted against time) was
determined for particle beams extracted from the United Institute of Nuclear
Research synchrocyclotron. The time structure associated with the frequency
of the accelerating voltage was measured for the same beams. There was no
radio-frequency structure in beams of secondary particles under the slow ex-
traction conditions realized in the synchrocyclotron.

A study of the time structure of an accelerator beam is of considerable interest. From one point
of view, a knowledge of this structure aids our understanding of the characteristics of the accelerator
and enables us to choose methods of improving its operation. From another point of view, a study of
this structure enables us to make a more rigorous estimate of the possibility of carrying out physical
experiments. In addition to this, the demands laid on the parameters of the recording apparatus are
to a great extent determined by the time structure of the particle beams.

It is well known that the synchrocyclotron operates cyclically. The time structure of the extracted
beams has a double periodicity, associated, first, with the repetition freq}lency of the acceleration cy-
cles (macrostructure) and, secondly, with the frequency of the accelerating voltage (microstructure).

In this paper we shall study methods of examining the macro- and microstructures and shall also
discuss experimental results. ’
MACROSTRUCTURE

Under ordinary conditions, the repetition frequency of acceleration cycles in the OIYal synchro-
cyclotron equals 120 sec-!. The accelerationtimeis 4.0 msec. The period of extracting the particles
from the accelerator, however, depends to a considerable extent on how this is done.

From . 5 5
accelerator 30 11sec .
S.msec _4_
From [ram— 6 p .
photomnulti- 3%

plier

Fig. 1. Block diagram of apparatus for measuring the macrostructure of particle
beams (voltage diagrams correspond to various points in thesystem) ; 1) frequency
discriminator; 2) frequency divider; 3) saw-tooth voltage generator; 4) amplitude
analyzer;5) time selector; 6) coincidence circuit.

Translated from Atomnaya Energiya, Vol.21, No.6, pp. 445-449, December, 1966. Original
article submitted April 12, 1966.
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' Fig.3. Macrostructure of ex-
Fig.2. Macrostructure tracted secondary-particle beam
of extracted proton (muons with a momentum of
beam. 150 MeV/c).

500 |— Th ‘
/ \

250

0 5 10 % . msec

Fig.4. Macrostructure of a muon beam extracted from theac-
celerator by means of a slow-extraction system ("stretching™"
the beam).

The time macrostructure was studied by the same method for all beams. A block diagram of the
apparatus is shown in Fig.1. The beam particles were recorded with a telescope consisting of three
scintillation counters set for coincidence. Strict time connection to the acceleration cycle was established
by means of a frequency discriminator. Adjustment of the discriminator circuit enabled us to control
the moment of connection, which was taken close to the region with the greatest rate of frequency
change. For each acceleration cycle, pulses 30 u sec long were obtained at the output of the discrimi-
nator, and by way of a repetition-frequency divider these started a saw-tooth voltage generator. The
signal from the coincidence circuit fell on the input of a time selector, and the saw-tooth voltage was
applied to the other input. On arrival of a pulse from the coincidence circuit, the time selector pro-
duced a signal with an amplitude proportional to the instantaneous level of the saw-tooth voltage, and
this secured a time-amplitude transformation. The spectrum of output pulses from the selector was
recorded on a 256-channel amplitude analyzer [1]. The time scale of the analyzer was determined by
the saw-tooth voltage rise time. In certain cases, several successive operating cycles of the accelera-
tor had to be recorded instead of one. This condition was realized with the help of the pulse-repetition
frequency divider and frequency discriminator.

Figure 2 show the measured intensity distribution of an emergent proton beam. Special extraction
characteristics were responsible for the short extraction time (160 psec).

Secondary particles are usually obtained on the inner target of the synchrocyclotron. The inten-
sity-distribution curve of the extracted beam is principally determined by the velocity of the bunch of
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accelerated protons approaching the target and by the spectrum of radial-oscillation amplitudes. These
factors result in a long extraction time for the secondary particles. Figure 3 shows the measured inten-
sity distribution of the extracted muon beam. The average extraction time was 620 pusec. The initial
intensity peak was associated with electrostatic focusing in the center of the machine [2].

In carrying out experiments, it is desirable to increase the period of extracting particles from
the accelerator as much as possible. This is important in order to reduce the loading of the apparatus
(reduce the losses on account of dead time) and produce a lower density of background radiation. A
novel means of slow beam extraction was introduced in the OIYal accelerator in 1965 [3]. The essence
of this is the additional forced radial oscillations of the proton bunch are excited in the final orbits of
the accelerator by means of a time-varying magnetic field. This method enabled us to increase the
i meson extraction time to 2500 usec, as may be seen in Fig.4. The duty factor attained is 25% for 70%

of the beam intensity.

Y

MICROSTRUCTURE

At the end of the acceleration cycle, the working frequency of the accelerator slowly changes
from 14.2 to 14.0 Mc/sec. The average period of the beam microstructure is about 71 nsec. _

A photographic measuring method was employed. Figure 5 shows the block diagram of the
experiment. As before, rough synchronization of the apparatus with the accelerator was effected by
_means of a frequency discriminator. The repetition frequency of the pulses from the discriminator
was reduced 15 times by means of a frequencydivider. The division factor was determined with a high-
speed photographic system. A shift univibrator selected the desired part of the particle-extraction
process and a "gate"-width univibrator gave the duration of the part to be studied. The pulse from the
second univibrator was applied to one of the inputs of the coincidence circuit, while pulses from 56AVP
photomultipliers lying in the particle beam were applied to the other two. The signal from the output
of the coincidence circuit started the time base of five-beam oscillograph [4]. The same pulse con-
trolled the operation of the photographic system.

The hf voltage from the accelerator was applied to one pair of vertical-deflection plates of the
oscﬂlograph tube. The second and third plates received pulses from the photomultipliers through wide-
band amplifiers of the UZ-5 (UR-4) type. The fourth and fifth beams were not used. The horizontal
sweep of all the beams came from a single generator (sweep velocity about 10 nsec/cm).

-

One of the photographs obtained appears in Fig.6. In the course of preliminary 1nspect10n we

rejected all pictures recording more than one pulse in any beam. In the remaining pictures, we mea-

- sured the distance from point A (the intersection of the rising branch of the sine wave with the second
beam) to point B (the intersection of the tangent to the leading edge of the photomultiplier pulse with
the continuation of the same beam). The period of the sine wave (section AC) was measured every 100
pictures. The ratio of sections AB and AC gave the relative phase of the instant of arrival of the par-
ticle. The absolute phase was not determined. The accuracy of the measurements (including inspection)
was + 0.8 nsec. In all, 10, 000 photographs were analyzed.

Microstructure measurements were
made for proton, muon, and pion beams [5].
The structure of particle beams at the output
From of the u-meson tract was also studied [6]. All
/ gi%t]rog;;}[ljlnl- the experiments were made with full intensity
L of the inner 'beam of the accelerator, at the

v 1 From
photomplti -
plier FEU -2
\ A/\} C/\

;‘“’; Fig.5. Block diagram of apparatus for studying the
microstructure of extracted beams. 1) Frequency
< discriminator; 2) frequency divider; 3) shift uni-
7 vibrator; 4) "gate" univibrator; 5) coincidence cir-
cuit; 6) amplifiers; 7) five-beam oscillograph; - Fig.6. Photograph of an event obtained
8) photographic system. from the oscillograph screen.

accelerator

from
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Fig.7. Microstructure of a pion beam at the output of the u-meson
tract: a) start of the extraction process; b) end of the extraction pro-
cess. '

beginning and end of the extraction process. Some results of the measurements are presented in Fig.7a,b.
For the sake of clarity, the histogram corresponding to one periodis repeated for-a second period.

" The asymmetry of-the resultant time distributions for the beams of secondary particles is very
noticeable. This effect is due to the repeated passage of protons of the inner bunch through the target.
The existing nonmonochromatic nature of the beams cannot seriously distort the form of these distrib-
utions. It is an interesting point that the average width of the distribution at the beginning of extraction
is considerably greater than that at the end: 15.5 as compared with 12.5 nsec.

Figure 8 gives the time distribution of intensity in a micropulse of an extracted proton beam. Al-
though the shape of the curve differs from that corresponding to the secondary particles, the average
length of the micropulse is 15 nsec as before. The distribution may be closely approximated by a
Gaussian curve with a mean-square spread of o= 5.5 nsec.

N

501

L

L
First period %‘ - Second period __———{

Fig.3. Microstructure of an extracted proton beam.
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Fig.9. Curves of delayed coincidences
for various parts of the macrostruc-
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ture of a muon beam.
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We also made some experiments on a "stretched" beam
of secondary particles. The two intensity-distribution peaks
in the macropulse shown in Fig.4 correspond to two different
extraction mechanisms, The first, narrow peak corres-
ponds to the drifting of a bunch of accelerated protons to
the inner target in the presence of the hf voltage on the D
of the accelerator. Then the voltage is taken off and a cur-
rent pulse is fed into the special coils of the beam-stretching
system. The second, wide peak corresponds to the drift of
the proton bunch resulting from the perturbation introduced
into the magnetic field of the accelerator by the coils [3].

When the hf on the D is removed, the bunch of pro-
tons inside the apparatus drifts apart very rapidly in azimuth
as a result of their velocity spread, and the microstructure
of the extracted beam vanishes. This was verified in ex<—"""
periments with a coincidence circuit lying in the beam of ="
muons from a p-meson tract. First, just the initial peak
was separated out by means of the synchronization system.
The ordinary curve of delayed coincidences (curve 1 in

Fig.9) was determined for the separated-out part. The wings of the curve clearly revealed a periodic
structure, due to the chance coincidences of particles from different micropulses. For analogous mea-
surements with the wide peak (associated with magnetic extraction of the beam), no periodic structure
occurred (curve 2 in Fig.9). Theé dip in the curves immediately after the principal peak of coincidences
was due to the dead time of the input circuits of the coincidence system. The absence of microstruc—
ture in the "stretched" beam is the principal advantage of the stretching system employed.

UL 0N =

[=x

The authors are happy to thank V. I. Danilov, E. I. Rosanov, and I. B. Enchevich for discussing
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THE BN-350 AND THE BOR FAST REACTORS*

A. 1. Leipunskii, I, I. Afrikantov, V, V., Stekol'nikov, UDC 621,039, 526
0. D. Kazachkovskii, V, V, Orlov, M. S. Pinkhasik,

Yu. E., Bagdasarov, R, P, Baklushin, I, V, Milovidov,

A, A, Rineiskii, I. A, Kuznetsov, Yu. A. Zakharko,

" Yu. N. Koshkin, V., I. Shiryaev, S. M. Blagovolin,

1. D. Dmitriev, I. 8. Golovlin, and B, A, Tachkov

The reloading system and the construction of the safety control ‘mechanisms
of the BN-350 reactor are described and problems of emergency cooling andtran-
sient processes are discussed, The experimental BOR assembly is also discus-
sed, a description is given of the reactor and engineering equipment, and the basic
technical characteristics are cited. '

In the USSR, on the shores of the Caspian Sea and in the region of the Mangyshlak Peninsula, a
nuclear power station with the BN-350 fast reactor is being constructed. The reactor will provide an
electrical output of 150 MW and an output of 120,000 tons of fresh water per day. For the initial period
of operation, parameters have been chosen which have already been established experimentally, The
reactor can operate in various cycles without modification of the core, using both U%5 and plutonium as
" the nuclear fuel,

The basic technological details and the special structural features of the BN-350 reactor were
presented in reports at the Third International Conference on the Peaceful Uses of Atomic Energy
(Geneva, 1964) and at the Detroit Conference in 1965, At the present time, experiments to substantiate
the design of the most important subassemblies of the reactor are being completed and the manufacture
of the system and equipment is under way, The results of the testing of the individual systems and
operating cycles of the BN-250 reactor are described below,

REACTOR REFUELING SYSTEM

The refueling system includes two rotating plugs, the refueling mechanism, two elevators, a

- refueling box with transfer mechanism and two conveyor drums (one for fresh and one for spent fuel
assemblies). The fuel assembly reloading mechanism is located in the small rotatable plug, which in
its turn is located eccentrically in the large rotating plug. By rotating the two plugs the refueling
mechanism can be guided over any socket of the core and of the elevator, The elevators are lifts, in
the carriages of which are sockets in which the fuel assemblies are inserted, The fuel assemblies are
transferred from the refueling mechanism to the transfer mechanism, and vice versa, by the movement
of the carriage along an inclined guide, '

At the point where the elevator meets the transfer mechanism, the head of the fuel assembly is
located above the level of the sodium, so that the pickup device of the transfer mechanism does not
come into contact with the sodium, The fuel assembly transfer mechanism is located in the refueling
box, Movement of the mechanism along the box directs the pickup device to the elevator sockets and
the conveyor drum sockets, The mechanism picks up a fuel assembly, lifts it into the box and transfers
it to the spent fuel drum, After this, the fuel assembly is dropped into one of the drum sockets, On the
reverse route, the transfer mechanism picks up 2 fresh assembly from the other drum and transfers it
to the elevator which drops the fuel assembly into the lowest position, Here, the fuel assembly is picked

up by the refueling mechanism and transferred to the socket intended for inserting the fresh fuel assembly,

* Report presented by the USSR at the Conference on Fast Reactors in England (May 1966). Abridgedversion.

Translated from Atomnaya Energiya, Vol, 21, No,6, pp. 450-462, December, 1966, Original
article submitted July 18, 1966,
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The fuel assembly reloading cycle is repeated until all spent fuel assemblies are unloaded and the
required number of fresh fuel assemblies are loaded into the reactor. The reloading cycle (about 40 fuel
assemblies) lasts about 3 days, including the time of preparation for refueling and for starting up the
reactor after refueling,

The refueling equipment consists of the rotating plugs (large and small), which at the same time
serve as part of theupper biological shield of the reactor, and the refueling mechanism. The reactor
is sealed (in the gaps between the plugs) by means of liquid seals of a Sn-Bi eutechtic mixture (mp 138°C),
which is melted by means of electrical heaters mounted in the alloy tank, During operation of the
reactor, the alloy is in the solid state. A secondary mechanical seal is provided, consisting of a rubber
compression ring which is compressed against the sealing surfaces by bolts, During refueling the
rubber gasket is raised slightly, thus freeing the plugs for rotation. The upper parts of the plugs are
cooled by air pumped through special channels,

The refueling mechanism consists of the pickup device, with rods, the guide tubes with thrust

flanges, a lifting and rotating device and their driving mechanisms. All the slave units are mounted in

the housing of the mechanism. The pickup device engages the head of the fuel assembly, removes it

from the socket, holds it during transfer, and places it in the elevator sockets. The entire complex Of ———

the refueling-system mechanisms is directed and controlled from a control desk according to a program
which determines the sequence of operation of the mechanisms,

The refueling mechanisms enable reloading of the fuel assemblies into the core, the breeder
blanket, and the safety control rods to be effected, Special devices are provided to control the pickup
and release operations,

The spent fuel assemblies are transported from the reactor to the transfer drum in an atmosphere
of argon. If the need arises, the fuel assemblies can be cooled during transfer by circulating argon

by means of special blowers installed on the fuel assembly transfer mechanism,

All units of the refueling equipment have passed the appropriate tests, The leak—tighthess of the
liquid seals was tested with liquid and solid Sn-Bi alloy, for which a special rig was designed, simulating
the sealing design of the rotating plugs,

As a result of the tests, the material for the parts of the liquid seal unit, directly in contact with
the Sn-Bi alloy (Steel 20), was chosen, and the type of cladding was determined with the object of
ensuring reliable wetting, In order to protect the Sn-Bi alloy from oxidation, a silicone vacuum grease
is used; this grease meets the requirements of stability and compatability with the Sn-Bi alloy and with
the structural materials of the liquid seal,

The purpose of testing the refueling mechanism was to determine the lifetime of operation of the
mechanism under operating conditions, To simulate the core of the reactor on the rig, a group of fuel
assemblies (7) was used; these were loaded by means of the mechanism, The fuel assembly was engaged
by the mechanism, raised to a height of about 3600 mm, returned and reinserted into the socket and the
mechanism was disengaged from the fuel assembly, The entire mechanism was operated for more
than 6000h,

Testing was carried out by positioning the fuel assembly and the pickup mechanism first coaxially,
and then at a misalignment of up to 20mm, In all cases, engagement of the pickup with the fuel assembly
was reliable, The most suitable material for the pickup and friction pairs operating in the sodium was
found to be stainless diffusion-chrome steel, type Kh18N9,

The elevator is a lifting mechanism, the carriage of which moves along a special track fixed at an
angle of 17° relative to the vertical. In the carriage is a braced sleeve in which are inserted the fuel
assemblies which are being reloaded, The carriage may be operated either by motor or manually, The
carriage drive mechanism consists of a motor, reduction gear, chain transmission,.and a rod. The
fuel assembly transfer mechanism consists of the rack with pickup, reduction gear for the rack lift, the
reduction gear frame, and a girder with the guides, The rack is made in the form of a tube with teeth
cut along the generatrix, The frame with the reduction gear and the rack is moved horizontally along
the box via the guides. The rack and chain of the pickup are driven by feed shafts and the fuel assembly
transfer mechanism is moved by means of a guide screw,

In 1966, tests will be carried out on a standard model of the elevator, for which a sodium rig has
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been constructed with the sodium circulating at a temperature of 500°C, During 1966-1967, a trial
assembly of the reactor from standard units and subassemblies will be carried out on a special factory-
preduced rig.

THE SAFETY CONTROL ROD SYSTEM

The safety control system consists of the following mechanisms: a) measurement and control of
the power and period of the reactor (including the subcritical cycle); b) automatic control; ¢) compen-
sation for change of reactivity; d) reactor scram system, The basic téchnical data and a description

of the design of the safety control mechanisms follow,

Slave Mechanism for Automatic Control

Number of MechaniSmS. o« v v v v vereneenesnns 2 pieces
Number of rods in each mechanism, , , , v o v ¢ o o ¢ 1
Radius of distribution (from the center of the core). 98 mm
Efficiencyof onerod . ... ... civeeenneonnns 0.20%
Rodtravel ..,.......c00vetnnrnrocansons 750 mm

Maximum speed of movement, , . , «o..0.0..... 150mm/sec

Compensator Slave Mechanism

Number of independent mechanisms, . . . v v oo v o 7 pieces
Number of fuel assemblies per slave mechanism. , . 1
Total efficiency......... 2.1%
Weight of uranium in fuel assembly, .. ..o v o0 18kg
Fuelassemblytravel . . oo v v e v v vevvnosennsa 1060mm
Speed of movement, . v . v e vveeereanaesaaa. l0mm/sec
‘Pitchof movement. . .. vcwvvevsnceconaeens 20mm
Slave Mechanism of the Scram System
Number of independent mechanisms ... ... 4¢c4 .4 3 pieces
Total efficiency. . .. .. vvvvvvvuns e .. 3.5%
Rodtravel .. ... ..c.oivuinosnsocnsoaaees 1260mm
Time of operation . ...... 0.7 sec
Speed of movement. raising . . ... v vt e 5mm/sec

The functional units of the safety control slave mechanisms are the absorber rods and the
compensating assemblies. Each slave mechanism complex consists of a pedestal with rod, rack
mechanism, servo-drives, absorber rod, and a compensating assembly, The pedestal with rod is a
mounting unit riveted to the flange of the central reactor pedestal. The rack mechanism is riveted to
the corresponding pedestal with studs, The servo-drive units of the slave mechanisms are fixed to a
special plate and are connected to the appropriate rack mechanism by means of a leaktight drive,
Rotation from the hermetically sealed electric motor is converted via the rack mechanism into transla-
tional movement of a rod, at the lower end of which is a nose piece with clamps, by means of which
the absorber rod is engaged. Control by the clamps is carried out manually (by means of handles in
the upper part of the mechanism), A control is provided here for engaging and disengaging the rod with
the shank which is accomplished by means of a coupling rod, passing inside the rod,

The absorber rod mechanism of the automatic control comprises seven elements—each with a
diameter of 9.6 mm — containing boron carbide enriched to 80% in BY%, There is a gas cavity in the
upper part of the rod for collecting the helium formed as a result of burnup of the boron.

Change of reactivity is compensated by axial movement in the core of six assemblies with active
material (burnup compensators) and one assembly with a boron absorber (temperature compensator),
The burnup compensator contains an active section, consisting of fuel elements which are similar in
design to the core elements, The temperature compensator is constructed from elements containing
boron carbide, '
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The control rod mechanisms have been tested on the sodium rig at a circulating sodium tempera-
ture of 500°C and an oxide content of 5X1073% . The total time of stay of the mechanisms in the sodium
was more than 8000h, During this period, the automatic control mechanism had undergone 20,000
double operations, the secram mechanism 1600 tripouts and 400 double operations in the slow scram
cycle, and the compensator mechanism — 2500 double operations,

During the entire period of the "endurance" tests, all mechanisms functioned efficiently and there
was no case of withdrawal from the system or breakdown in operation,

EMERGENCY COOLING AND TRANSIENT CONDITIONS

A great deal of attention has been paid to the problems of residual heat removal from the reactor
after operation of the scram system, The suitability of a particular cooling system was assessed from
the point of view of preventing superheating of the fuel elements and preventing the development of
dangerous nonsteady-state thermal stresses in the structural elements of the reactor, The procedure
proposed allows us to calculate the temperature distribution in the reactor, in the intermediate heat
exchanger, the steam generator, and in the liquid-metal circuits of the triple-circuit multi-loop nuclear
installations, The relationship between power loss and time, due to delayed neutrons and - and y-de-
cays of the fission fragments is determined from the physical calculation of the reactor, The nonsteady
state coolant supply is calculated by taking into account the flow inertia, the "coasting™ of the pump,
and the natural circulation driving pressure,

There are no special cooling systems in the installation and the removal of residual heat in any
emergency situation is accomplished by the primary cooling system,

The rapid operation of the scram system is permissible only in exceptional cases, The 'greater
part of the signals is fed to the slow scram system, which reduces the power by a factor of 2,7 after
100sec, This rate enables the cooling of the reactor to be continued with a nominal coolant supply

© without exceeding the permissible thermal stresses in the structural elements,

The total cessation of the electrical supply to the primary circulating pumps is the most dangerous
situation, and therefore a great deal of attention was paid to ensuring natural circulation, This in-
vestigation allowed us to determine the direction of motion of the coolant in the reactor, and the location
of the heat exchanger plant with respect to the height of the reactor; it also influenced the design of the
intermediate heat exchanger and the nonreturn valve, In the absence of reverse flow, the straight-
through section of the latter is never completely shut off, The driving pressure of the natural circulation
creates a coolant flow through the reactor of the order of 5 to 6% of the nominal, This is insufficient
for cooling the reactor in the initial period, Calculations show that if the residual heat is removed
solely by means of the flow inertia and the natural circulation in the individual channels, the temperature
of the sodium can rise to 800-900°C., Therefore, all available methods for establishing a force supply
of coolant during the initial period (30-60 sec) after rapid shutdown of the reactor were examined, For
example, the possibility of using the kinetic energy of the rotating masses of the turbogenerators for
extending the operating time of the pumps was investigated,

By simultaneous coasting of the pumps with the turbogenerators, the supply of sodium through the
reactor changes very slowly (approximately exponentially with a time constant of 50 sec)., Despite the
large volume of sodium above the core, the temperature of the coolant leaving the reactor tank changes
sharply by this method; this gives rise to considerable thermal stresses, Figure 1 shows the time-
variation of the nonsteady-state thermal stresses and coolant temperature at control points of the
primary circuit, This operating cycle is undesirable and, therefore, the use of turbogenerators for
emergency operation of the pumps was rejected,

Simultaneous solution of the equations for the dynamics of the flow and of the rotating parts of
the pump unit showed that when the main electric supply is disconnected the sodium feed through the
reactor changes exponentially with a time constant of 7sec, during 15-20sec, The results of calculations
of the temperature cycle of the reactor in the case of residual heat removal by coasting of the pumps,
with subsequent transition to natural circulation, is shown in Fig.2, The thermal stresses in this case
are insignificant and are not shown in the figure,

The large reserve of water in the steam generators and the considerable thermal capacity of the
sodium circuits require that the electrical power supplies for the water pumps be switched on within a
few tens of minutes after the emergency,
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Fig.1l. Coolant temperature and thermal
stresses as a result of cooling by utili- Fig. 2. Change of primaryreactor parameters
zing the coasting energy of the turbogen- as a result of cooling by means of coasting of
erators, 1) Thermal stresses at the inlet the pumps and natural circulation. 1) Sodium
nozzle of the primary circuit heat exchan~ temperature at the exit from the most stres-
ger; 2) thermal stresses in the conduit at sed fuel assembly of the core; 2) sodium
the outlet from the reactor; 3) sodium temperature at the heat exchanger inlet
temperature at the outlet of the reactor; (through the primary circuit); 3) sodium
4) sodium temperature at the inlet to the temperature at the outlet from the reactor;
heat exchanger, 4) sodium feed through the reactor,

In addition to the emergency conditions for the BN-350 reactor, conditions were studied in which
a relatively small change of coolant flow takes place in the primary circuit, In practice, the principal
instance of such a variation is after one sodium pump of the primary circuit is disconnected. The
essential problem of this investigation is to determine the necessity for shutdown of the reactor,

If, after shutting down one pump, the reactor is to remain at the previous level, the temperature
variation of all the reactor units will be stabilized after a certain time, having attained values which
 are determined by the resulting reduced supply of coolant through the reactor, - This cycle of operation
is not permissible. Therefore, after shutting down the pump it may be necessary to transfer the reactor
earlier to a reduced power level which will ensure a nominal level with the new supply of coolant, This
transition can be accomplished in different ways. Blocking can be introduced, by means of which the
power controller will move to a new position on receipt of a signal indicating the cut-out of one pump.

It is possible to carry out this operation also by means of the temperature regulator of the sodium at

the outlet from the reactor, which maintains a specified temperature, acting on the power controller,
The temperature probes of the regulator are located in the reactor tank in the region of the outlet
nozzles. Thus, after cutting out one pump, the increase of temperature of the sodium in the reactor
tanks sets the regulator in action and it transfers the power-controller to a position such that the sodium
temperature is maintained at the former level, '

The dependence of the supply of sodium through the reactor on the time was found, in the case of
coasting of one pump switched in parallel with the others, I was assumed that the hydraulic resistance
of all parts of the reactor and conduits is proportional to the square of the coolant flow through it; the
pump delivery varies directly with the angular velocity of the driving wheel, and the pressure is
proportional to the square of the angular velocity. The dependence of the kinetic energy of the coolant,
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Fig. 3. Coasting of one pump of the primary circuit: 1) sodium supply in the disconnected
loop; 2) sodium supply through the reactor; 3) pressure of coasting pump,

Fig. 4, Transient process in the core with one pump of the 1¢ primary circuit shut down:
1) power n = n/ngy; 2) coolant supply through the reactor, G = G/Gy; 3) sodium tempera-
ture at the outlet from the core, 0; 4) probe temperatures in the reactor tank, .

the pump rotor, and the electric motor on the angular velocity were taken into account, The results of
the calculation of the coasting of the pump are shown in Fig,3. Because of the nonuniformity of the
pressure in the gaps due to the nonuniform distribution of the coolant supply throughout the radius of
the core, the radial flow of the sodium over the heads of the fuel assemblies, and other factors, the
fuel assemblies are displaced relative to their initial position. Since the upper ends of the fuel
assemblies are free, considerable movement can be expected when the sodium feed through the reactor
is varied. Particularly dangerous situations arise when reduction of the gaps leads to movement of the
fuel towards the center of the core,

In order to determine the displacement of the fuel assemblies, the sodium pressure field in the
gaps between the fuel assemblies was plotted, The magnitude of these displacements under the action
of the forces applied to a fuel assembly in a radial direction is determined by the elastic buckling of the
fuel assembly and by rotation in the "seal," If rotation in the seal is not taken into account, a value of
Ak/k= —3-10"* is obtained for the hydrodynamic effects of the reactivity, corresponding to an increase
of the sodium supply from zero to nominal, The problem concerning the leak-tightness of the fuel
assembly seal has been studied insufficiently up to now; and an accurate study of this factor has not been
possible at present, Therefore, in the subsegent calculation, a rougher approximation was used, It
was assumed that in varying the sodium supply through the reactor from zero to a nominal value, the
fuel assemblies swivel freely in the seal from the vertical position outwards to the most extreme
position — as far as the gaps in the seal and between the fuel assemblies permit, By a corresponding
reduction of the supply, the fuel assemblies are displaced towards the center by the same amount,
The hydrodynamic effects of the reactivity, which correspond to this model of the sodium supply reduction
from nominal to zero, give a value of Ak/k = —32:10~%, Buckling of the fuel assemblies was not taken
into account in this case, because it is considerably less than the assumed displacements, It could be
concluded from a more accurate calculation that all pressure variations in the gaps between the fuel
elements and, consequently, their displacements, are proportional approximately to the square of the
sodium supply, Therefore, in future for determining the hydrodynamic effects of reactivity corres-
ponding to a variation of coolant supply from the nominal value G, to the value G, the formula

(48),= (3, (1-%
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has been used. In the BN-350 reactor, by cutting out one of the five pumips in the primary circuit, the

coolant supply is reduced by approximately 12%, This means that the injection of a reactivity of 7.2:104
can be expected.

On the basis of the data obtained about the variation of the sodium supply and the hydrodynamic
effects of reactivity, the temperature cycles of the reactor were investigated, Calculations were carried
out by a semianalytical method, Factors were taken into account which were associated with the thermal
lag of the reactor, the mixing chamber and the temperature probes, The results of the calculation,
shown in Fig, 4, showed that the temperature regulator is completely capable of coping with transition
of the plant to reduced power,

In the case when one pump of the primary circuit is shut down, the temperature field of the heat
exchanger was also studied, If no special measures are taken, the temperature of the sodium at the
outlet from the heat exchanger of the secondary circuit decreases rapidly after shutting down one pump
of the primary circuit; this leads to the origination of large thermal stresses in the structural units,
The magnitude of these stresses is estimated in the calculation, In order to reduce them, it was found
necessary to shut down the corresponding pump of the secondary circuit, following shutdown of the
pump in the primary circuit.

IMPROVEMENT OF THE OPERATING CONDITIONS OF THE FUEL ELEMENTS

The reactor installation will be modernized in accordance with the extent of the accumulated
operating experience, and its efficiency characteristics will be improved,

Possibilities are being considered at present for improving the operating conditions of the BN-350
reactor fuel elements and also for further increasing the fuel burnup, For this purpose, the possibility
of increasing the gas void in the fuel element is being studied, in the case of variation of the dimensions
of the fuel assemblies because of the corresponding reduction in thickness of the end shield. In this
case, the upper end reflector is combined with the core in a common cladding, Calculations showed
that the reduction in thickness of the upper reflector to 200 mm by some reduction of the distance between’
the edge of the core and the edge of the end shield does not cause any significant improvement of the
physical characteristics of the reactor,

The use of fuel elements with an increased gas cavity enables the fuel burnup to be increased, and
at the same time, the maximum stresses of the axis of compression of the gases to be reduced, both
by a factor of approximately two.

The union of the core with the upper end reflector leads to extension of the closely packed bundle
of core cans and, consequently, to an increase of the pressure differential per fuel assembly. In order
to reduce the pressure stresses, it is proposed to increase the radius of curvature of the corners of
the hexagonal tubes and thereby to reduce the maximum stresses from the pressure at the wall of the
fuel assembly by a factor of 1,2, The increase of the radius of curvature of the corners of the hexagonal
tubes is accomplished by removing 6 (out of 169) corner fuel elements of the fuel assembly (cluster),
The physical characteristics of the core and also its dimensions were changed insignificantly, as a
result of this,

THE BOR EXPERIMENTAL FAST REACTOR

The BOR reactor — an experimental fast neutron reactor with a maximum power of 60 MW — is
being installed on the site of the Nuclear Reactor Scientific Research Institute at Melekess, Design
and research work were begun at the end of 1963, At present, the technological design has been
completed and the working drawings for the primary equipment are being prepared. Construction of the
building was started in May 1965, and start-up of the reactor is planned for 1968,

The BOR reactor is designed for fundamental and experimental verification of the basic parameters
and units of high-temperature, high-performance sodium-cooled fast reactors for future nuclear power
stations with an electrical capacity of 1000 MW and above, The parameters of the first nuclear power
station with the BN-350 fast reactor have been selected with a certain amount of caution, to guarantee
safe operation of the station, and the selection has been confirmed by experiments and operating experi-
ence with the BR-5 reactor, However, even now there are a number of obvious measures which must
be taken for improving the physical and technical-economical characteristics of nuclear power stations
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with fast neutron reactors., In the first place, it is necessary to increase; a) the
burnup, b) the power density, c) the temperature of the coolant at the outlet from
the reactor and, because of this, the efficiency of the steam turbine cycle, and
d) the unit power of the station,

The most important measure is the creation and experimental production of
fuel elements for the cores of high-performance reactors, which are essential
for operating at high thermal flux densities and high temperatures, In order to
solve this problem, the BOR reactor is being constructed first, Fuel elements
of different composition and design will be used in it, including vented fuel elements,

THE CORE AND SHIELDS

The Core of the BOR reactor consists of hexagonal fuel assemblies with a
gage of 44 mm below the "key" and a lattice pitch of 45mm, The number of fuel
assemblies varies, depending on the operating cycle, burnup and type of fuel,
70-80 fuel assemblies are necessary for the version with undepleted fuel of 90%
enriched UQ,, which corresponds to a U?® loading of 150-160kg, In the functional
section of the assembly, 37 fuel elements with a diameter of 6.1 mm are arranged
in a triangular lattice with a pitch of 6,7mm, Enriched uranium or plutonium
oxide, carbide, and other compositions can be used as the fissile material, The
fissile material length of the fuel element is 400mm, Tubes of stainless steel
with a wall thickness of 0,4 mm for the hermetically sealed fuel elements and
0.25mm for the vented elements is used for the cladding, In the sealed elements,
cavities are provided for the collection of gaseous fission products; in the vented
elements, special arrangements are provided for discharging the gaseous fission
products into the coolant, One design of a fuel element cluster with vented fuel
elements is shown in Fig, 5,

The fuel elements are braced by the lower stems to grids welded to the
hexagonal tube, The upper ends are free and can be moved around the axis, The
fuel elements are spaced by means of wire wound spirally on the cladding,

Above and below the active section of the fuel assembly are located the end
shields, Their structural design depends on the design of the fuel elements in
the active section of the cluster. The elements are sealed in 2 hexagonal cladding
with a thickness of 1mm. The assembly has an upper end plate with a cap which
is gripped by the refueling machine, and a lower end plate designed for locating
the fuel assembly in the baffle sleeve of the pressurized collector, The lower
end plate has lateral openings for admitting the sodium; this prevents the fuel
assembly from splitting under the action of the coolant flow, The upper ends of
the fuel assemblies are not fixed and consequently they are capable of free thermal
expansion along the axis of alignment; movement in a radial direction is possible
only within the limits of the engineering tolerances,

Throttling of the sodium supply along the fuel assemblies according to the
heat release in them is accomplished by means of slots in the baffle sleeves of
the pressurized collector, covering a specified number of lateral holes in the
stems of the fuel assemblies,

The Lateral Shield is assembled from fuel element clusters whose external
diameter is similar to the core clusters, Each contains seven elements with a
diameter of 14,5mm and with a cladding thickness of 0,35 mm, arranged with a
pitch of 15,2mm in a triangular lattice, The elements contain pellets of enriched

uranium dioxide, with a fissile material length of 900mm, The average thickness of the shield is 150 mm.
The clusters are located by the lower stems in the baffle sleeves of the pressurized collector and the
upper ends are not fixed, The sodium enters the cluster from the low pressure collector through a
throttling disc at the end of the lower stem, Throttling of the coolant supply through the clusters of the

~lateral shield is accomplished by varying the diameter of this dise, The total number of clusters in the

core and in the shield is 259,
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Fig.6. Sectionthroughthe BOR reactor,

the compensator rods are located in the core

The Reactor Vessel and the Intravessel Facilities
(Fig.6). The reactor vessel is cylindrical, The diameter

at the core level is 1100 mm, and the maximum is 1500mm,

The height of the vessel is 6500 mm and the wall thickness
is 16-20mm. The middle and lower sections are enclosed
in a leak-tight jacket, which prevents the reactor from
emptying in the event of a leak, The jacket is also used
for heating up the reactor with gas,

There is one inlet nozzle 300 mm in diameter, welded
into the elliptical bottom and two outlet nozzles with the
same diameter, located somewhat above the level of the
cluster heads, At the top, the reactor is closed by two
eccentrically positioned rotating plugs for aligning the
refueling devices to a given cell of the core or shield.

The plugs are constructed of alternate layers of steel and
borated graphite and they provide the necessary biological
shielding; in order to exclude leakage of gas, the plugs
are sealed by means of freeze-seals of bismuth-tin alloy;
this alloy is maintained in the frozen state (solid state)
during operation of the reactor,

All the drive units of the safety control rods are
mounted on the small rotating plug and also the transfer
box for joining the reactor with the refueling machine,

Inside the reactor vessel are located the pressurized
collector with the core and shields, the "basket,” and the
thermal shield, The pressurized collector is divided into
a high-pressure zone for core clusters and a low-pressure
zone for the shield elements.

The collector is suspended by the basket, which is
a stepped cylinder and fastened to the upper section of the
vessel, . The basket with the collector can be replaced if
necessary. A small portion of the primary sodium flow
passes between the basket and the vessel for cooling the

-latter,

The steel ring reflectors of the thermal and neutron
shields, with a total thickness of 240mm, are located in
the lower and central section of the basket, Their function
is to reduce the incident neutron flux at the reactor vessel,

THE CONTROL AND SAFETY SYSTEM

The reactor control and safety system consists of
three independent emergency (scram) systems, two
compensators, one of which is a temperature compensator,
and two automatic power regulators, The scram rods and
and the regulator (control) rods in the lateral shield. The

functional units of all systems are identicalin design and consist of a cluster of boron-containing rods.

Each rod is clad in stainless steel filled with

boron carbide (enriched in BY), The efficiency of the

control and safety system units and the magnitudes of the reactivity effects are given in the table:

Maximum thermal power, .. ............ . 60 MW
Sodium temperature attheinlet,......... 360-450°C
Average temperature at the outlet, . . ... ... 600°C
Supply through reactor . v v .vuseeurnsn. 750-1000tons /h,
Core diameter (center section), ., ........ 4lcm
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Core height, , . ........... cece e 40 cm
Average Specific POWET. . v v v v vv v en e e s an 900kW/1
Maximum thermal fluX . . . v vsvueeeeooons.. 2.65x108kcal/m*h
Maximum sodium speed . ... ..cvvevovoooeen 10m/sec
Maximum can temperature,taking into account

possible overheating., .. .......... oo e 800°C
Efficiency of three scram rodS. . . oo v v v v v v o s 3.3%
Efficiency of the temperature compensator, ., .. .. 1.0%
Efficiency of burnup compensator. . . ... e 1.7%
Efficiency of two control rods , , ., ... 0 vv 0o 0,48%
Reactivity temperature coefficient . ...,...... . —4x107%, (°c)~!
Reactivity power coefficient. . . . v vvvs oo v.s.  —1.5x107%, (MW)~1

The operating units are connected via a rod with clamps to the servodrives on the rotating plug.
The drive mechanisms are disconnected by rotating the plug,

REFUELING SYSTEM

Fresh fuel clusters are loaded into the reactor and the spent clusters are withdrawn through a
special channel in the small rotating plug, By rotating the large and the small plug, the channel is
aligned on the selected socket of the core -or the shield. The refueling machine is then driven up to it;
this is a container with pickup devices, which is mounted on a gantry crane and can be moved along
coordinate axes. The machine is connected and sealed to the channel in the small plug; the cluster
selected for reloading is lifted by means of the pickup into the shielded container in an inert atmosphere,
in which it is transferred to an external storage vault, In order to remove residual heat in the refueling
machine, the design provides for a closed gas circuit with the corresponding equipment, This refueling
machine also transports and inserts the fresh fuel clusters in the reactor; the fuel clusters are
previously heated to approximately 300°C in an electric furnace,

TECHNOLOGICAL LAYOUT AND EQUIPMENT

The triple circuit layout: sodium - sodium - water - steam has been adapted for the BOR reactor,
Heat is removed by two loops, each of which has been designed for 50% of the maximum power,

The primary circuit loop includes a centrifugal immersed pump, intermediate heat exchanger,
nonreturn valve, and nonreturn armature, '

In each loop of the secondary circuit, in addition to the heat exchanger and pump, a steam
generator is installed. In addition, there is an air-cooled heat exchanger, designed on a thermal
capacity of 30 MW, which can be connected with any loop of the secondary circuit instead of the corres-
ponding steam generator, The supply of air through the heat exchanger is generated by fans (blowers),
The steam, produced in the steam generators at a temperature of 540°C and a pressure of 100atm, is
used in a standard turbogenerator for generating electric power. ’

The layout of all three circuits is designed so that the required supplies of coolant are provided
by natural circulation, thus ensuring reliable long-term heat removal from the reactor,

The Intermediate Heat Exchanger (Fig. 7) is a vertical cylindrical container in which there is a
tubular cluster with a "floating®" head, The sodium of the primary circuit flows into the intertube space
from above downwards, and sodium from the secondary circuit flows through the tubes from below up-
wards. The heat exchanger is mounted on the upper cover of the primary circuit boxes and is structurally
designed so that the tubular cluster together with the cover and the built-in upper shield can be removed

without recourse to the conduits of the primary circuit and without entering compartments with high
levels of radiation,

The Steam Generators installed in the various loops of the BOR reactor will have a different design.
In one loop there will be a steam generator with natural circulation, andin another loop - a direct flow type. This
is done so that different design versions can be developed under operating conditions that are as close as
possible to those of future power generation systems. A special feature of both types of steam generators
is the absence of free sodium levels in their housings, and the holding of these levels in special buffer tanks, in-
stalled at the sodium outlet. The feasibility of this solution is being verified experimentally at present.
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changer, culation,

The steam generators with natural circulation (Fig,8) has a straight-tube evaporator and a
U-shaped superheater, Water and steam flow in the tubes and sodium flows in the intertube space,.
Water from the drum is fed to the lower distribution chamber of the evaporator and the steam-water
mixture from the upper chamber is discharged into the drum, The sodium in the evaporator flows
from top to bottom. In order to compensate for the different temperature expansions of the tubes and
housing, lenticular compensators are installed in the latter,. To prevent moisture from entering the
steam superheater, appropriate separating units are provided inside the drum, The evaporator and
the superheater are made from periitic steel,

The Direct-Flow (Once-Through) Steam Generator (Fig.9) consists of two cylindrical vessels
with a diameter of ~1m, The tubular cluster of the evaporator contains 60 coils and the superheater
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Fig. 9. Direct-flow (once -through) steam generator,

90 coils of 16 mm diameter tubing with a wall
thickness of 2.5 mm. The tube plates in each
vessel are positioned one at the top and the other
at the bottom. The sodium flows in the/ steam
generator from bottom to top, and in the evapora-
tor - from top to bottom. This flow system of the
sodium and water in the evaporator makes it pos~
sible to arrange natural circulation under cer-
tain emergency conditions. For this purpose, a
special small condenser is provided, which is
cooled by water from a nondetachable power sup-
ply source. The steam generator is made of per—
litic steel. '

The Circulating Pumps of the primary and
secondary circuits are similar in design. Each
pump has two bearings — a lower radial hydro-
static bearing, operating in the sodium and an
upper — a static thrust oil bearing and also a gas-
tight oil-sealed shaft. The metal enters the in-
take directly from the pump tank and the necessary
supply through the intake lines is established be-
cause of the difference between the levels in the
pump tank and the reactor. The pump speed is con-
trolled by dec motors. The pump is fitted on the
upper cover of the primary circuit boxes so that
the motor is accessible for servicing during
operation.

EXPERIMENTAL FACILITIES

Great opportunities are provided in the BOR
reactor for carrying out experimental and re-
search work on neutron physics, the behavior of
fuel at high burnups, radiation stability of mate-
rials, the study of the discharge of fission pro-
ducts into the sodium coolant and the gas system

of the reactor, and their distribution throughout the circuit. The latter are of special interest,
since vented fuel elements will be tested and developed in the reactor. For studying the entire complex
of problems, by-pass sections will be mounted on the installation and fitted with spectrometer recorders
for monitoring the level of contamination of the coolant and of the surface of the coolant circuit during -
operation of the reactor; gas lines will be installed for spectrometric analysis of fission products in the
gas cavities of the reactor and the pumps; delayed neutron detectors will be installed in the outlet con-
duit. For continuous monitoring by the level of gaseous activity, including specified short-lived pro-
ducts, provision is made for circulating the gas through the gas lines. A special channel located near
the center of the core is of great interest; this is for studying the operating conditions of fuel elements,
representing a fuel element cluster, identical with the others in external appearance but equipped with
the appropriate probes. During discharging the fuel cluster is withdrawn from the core and is rotated
together with the plugs.

In addition, provided for physical investigation are four horizontal beams and 10 vertical uncooled
channels, including a channel with a diameter of 300 mm. A large number of fuel assemblies can be
loaded into the core and the shield with the specimens (up to 30 fuel assemblies in the core).
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EFFECT OF THE SURFACE MATERIAL OF THE CIRCUIT
ON THE ACTIVITY OF CORROSION DEPOSITS

A, P, Veselkin and O. Ya. Shakh - s : UDC 621.039.538.7:621.039.58

Some questions of radiation safety associated with the corrosion and ac-
tivation of construction materials are considered. It is shown that the effect
of the surface material of the primary circuit on the formation of active sur-
face deposits must be taken into account. The validity of the mathematical
model used to describe the processes of washout, transfer, and deposition
and that of some of the assumptions made are considered.

On comparing the computed results with experimental data, reasonably
good agreement is obtained.

In order to improve the radiation situation when carrying out repair
work, it is recommended that steels not containing elements giving long-
lived isctopes should be used. Such steels include, for example, the chro-
mium-manganese type, the induced activity of which has a fairly short halflife
(manganese) and a low y-quantum yield per disintegration (chromium).

The rate of over-all corrosion (0.001 to 0.002 mm/year) typical of construction materials used in
modern reactor building is completely safe from the point of view of the strength of structure. Even
with such a low rate, however, several hundred grams of corrosion products per day may be formed in
the primary circuit of modern water-cooled water-moderated reactors.

‘ On the background of the intense radiation flux in a working reactor, the effect of the y-radiation of
activated corrosion products on the biological-shielding dose rate is usually insignificant.

However, since the neutron fluxes activating the reactor components reach 1013 neutrons/cmztsec,
the contamination of the circuit surfaces with activated corrosion products and their effect on the level
of activity after shutting the system down at present constitute the most serious of all problems asso-
ciated with corrosion. '

In determining the radiation activity, it is extremely important to remember even the most negli-
gible (atfirst glance) impurities, especially those forming nuclei with long half-lives.

One of the most important of such elements is Co®, which is usually present in steels as an ele-
ment accompanying nickel in proportions up to 0.9% of the latter [1].

The effects of the parameters of the reactor system on the formation and transfer of active cor-
rosion products vary and are not too well known. We can only say that the greatest influence on the pro-
cesses of deposition, washout, and the transfer of activity is exerted by such parameters as the pH
value, the oxygen and impurity content, and the hydrodynamics of the flow washing the surface of the
circuit.

In an earlier paper [2], we made a number of simplifying assumptions and obtained a solution for
a system of equations describing the development and build-up of the activity in the primary circuit as-
sociated with corrosion products. In order to describe these processes, we used a washout constant
ky and a deposition constant kq. ' '

The effect of the primary-circuit surface material on the activity of the corrosion deposits was
studied by means of the mathematical model proposed in [2].

Translated from Atomnaya Energiya, Vol.21, No.6, pp.462-465, December, 1966. Original
article submitted March 9, 1966.
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‘ RESULTS OF CALCULATIONS

The mean change in weight of the corrosion deposits per unit surface of circuit, after a fairly
long operating time T,, may be put in the form (see [2])
| 5 ¢ k, Ty ™ '
N — c s el 1
i ° kd+’fw<1 4>) @

fo”r constant decontamination (scavenging) of the circuit A¢ =0 (sec "1), and

T Co(hg+ kg
o Ay,

for Ag = 0%. The corrosion rate C¢ (in mg/m?-sec) is taken as

1
Co=- [ ccmar
0

@)

If deposition may be neglected (kq'=0), we obtain from (1) and (2)
Co=kNo. » 3)

We see from expression (3) that the washout constant ky, equals the corrosion-film growth con-

“stant and can easily be determined in the course of corrosion tests. It should be noted that this is only

valid on condition that kq=0, which is reasonably true, for example, in autoclave corrosion tests on

small samples.

The coarsest assumption in [2], namely, the condition C; =const, was made in order to simplify
the mathematical model. The effect of this assumption on the agreement between computed and experi-
mental data was checked for the circuit described in [3]. For this purpose the corrosion rate was re-
presented by an analytical expression of form

C (1) ar™. (4)

C

The system of equations in [2] was solved numerically on an electronic computer, using a program
devised by N. A. Gur'eva and A. V. Nikitin. Calculations were made with ky=5-10"8 sec-!, kg=3.0-10-%
sec—!, and A =2.5-10"% sec™! [3].

Figure 1 shows the computed change in the quantity of corrosion products in the water of the cir-
cuit as a function of operating time. The experimental values were taken from [3]. The value of the
concentration after 160 h was obtained by recalculating on the basis of the variation in corrosion rate
given in [3].

* Remaining notation here and hereinafter taken

.
E10 —c\\ from [2].
<
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culated; O) experimental data. : ting the activity of the deposits.
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In order to check the validity of the equilibrium relations of the (1) and (2) type obtained from the
model chosen, we also calculated the corrosion rate of the circuit surface under steady conditions (T %

15, 000 to 20, 000h) [3] from the formula

_ fa?

Co= 22N, ' (5)

Fe

The calculated value of C¢=0.55mg/m?. day is in good agreement with the experimental result

(about 0.5 mg/m?2- day) [3].

The effect of the surface material on the activity of the corrosion deposits was studied for the cir-

cuit shown schematically in Fig.2. I was assumed in the calculations that the composition of the cor-

rosion products (by elements) was the same as that of the main metal, and the amount of Co® in the

steels equalled 0.7% of the nickel content.

Figure 3 gives the calculated dose rates at the surface of equipment situated outside the active
zone of the reactor and washed by the heat carrier. The calculations were made for different combina-
tions of circuit surface materials. The cross sections for the activation of isotopes by thermal neutrons
were averged with due allowance for the effective temperature of the neutron gas.

The following table gives the calculated contributions (in %) of various isotopes to the total acti-
vity of the deposits after 12, 000 h operation of a circuit made entirely of stainless steel. For com-
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Fig.3. Dose rate at the surface of the cir-
cuit as a function of the reactor-operating
time: 1) whole circuit made of stainless
steel [3]; 2) surface of active zone made of
stainless steel and the rest of the circuit
of carbon steel; 3) surface of active zone
made of zircalloy; rest of the circuit made
of stainless steel; 4) same as 1) but for

Cc = const.; 5) same as 1) but amount of co-
balt in steel 14 times less.
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parison we also give the experimental values obtained
in the SM-1 reactor, the circuit of which is also en-
tirely made of stainless steel:

Cob0 | Co58 | Feb® | Crsl | Mns4
Experiment [1] 26 | 224 |14.3 325 3.9
Caloulation - - - - | 37:4| 3781 2.6 17,2} 4.9

DISCUSSION OF RESULTS

The results of the calculations show that the *
mathematical model taken and the washout and deposi-
tion constants used givé a fairly good description of the
build-up of the corrosion products in the water and on
the surface of the reactor system. The assumption
that the corrosion rate Cq=const leads to an under-
estimate of the concentration of inactive corrosion pro-
ducts in the water and on the surface of the circuit in
the initial period of operation of the system, but the
underestimate in the activity of the deposits is not too
serious, not more than a factor of two (see curves
1 and 2 of Fig.1 and curves 1 and 4 of Fig.3).

£

The activity of the deposits for a fairly efficient
scavenging system Ag 2Kk is determined as might be
expected, by the corrosion and washout from surfaces
situated in the active zone. Curves 1 and 2 in Fig.3
show that the contribution to the activity of the deposits
arising from surfaces outside the active zone is in
this case no greater than 10%.

The activity ratio Co®¥/Co® =0.99, calculatedfor a
reactor system which has been operating for 12,000 h
agrees closely with the value obtained experimentally
[1], which is equal to 1.17.

The use of the same washout, deposit, and filter-
efficiency constants for all the long-living elements is
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not such a'coarse approximation as might at first seem. Almost all these elements belong to the iron
group and have fairly similar chemical properties. Possibly this is not entirely correct for zirconium,
the calculated activity of which (based on the washout and depos1’c10n constants taken) may be a little

5 overestimated.

: From the point of view of subsequent servicing of the reactor system, the best construction ma-
b terials to use are zirconium alloys (Zircaloy type) for surfaces in the active zone and carbon steel for
| . surfaces outside this region (see curves 1 and 3 of Fig.3). After 12,000 h operation of the reactor

"; system, the dose rate created by the deposits in a 0-~to-30-day interval after reactor shutdown is
some three to five times higher for variant 1 (see Fig.3) than for variant 3 (curve 3). This difference
will increase with the period of operation of the system.

i 3

al Curve 5 in Fig.3 characterizes the change in the activity of the deposits on the surface of the
circuit for the case in which the Co® content of the stainless steel is reduced to 0.05% of the nickel
concentration. In this case, the activity of the deposits is mainly determined by the Co® formed as a
result of an (n,p) reaction with Ni%. Hence, in order to improve the repair conditions of a reactor
system with a water heat carrier, it is extremely desirable to use nickel-free (e.g., chromium-
manganese) stainless steels as construction materials (naturally with the same corrosion resistance).
After about 20,000 h (or 2 years) operation, systems made of this steel will be the most favorable for
repair from the point of view of radiation safety

_ The authors wish to thank L. I. Korzhenevskaya and E. M. Voronova for help in carrying out the .-
numerical calculations.
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CHANGE IN THE ELECTRICAL RESISTANCE OF NICKEL,
IRRADIATED BY o-PARTICLES, ON ANNEALING

I. Ya. Dekhtyar, V. S. Mikhalenkov, UDC 539.12+621.039.553
V. V. Pilipenko, and V. I. Silant'ev

The kinetic changes in the electrical resistance of nickel irradiated

with 12.4-MeV a-particles on annealing at various temperatures were studied.
At temperatures above 700°C, the kinetic curves first showed a rise and after-
wards a fall in electrical resistance. This behavior corresponds to the usual
laws governing the decomposition of supersaturated solid solutions and is as-
sociated with the development of helium-filled pores.

The resultant data agree with theoretical investigations relating to the
mechanism and kinetics of pore formation in the decomposition of supersat-
urated metal — noble-gas solutions.

The results obtained were used to estimate the mean size of the gas
pores evolved at various annealing temperatures. This was in fact about 140A,
varying little with annealing temperature. ’

The swelling of fissile and construction materials in a reactor is associated with the formation of
pores in metals saturated with inert gases. Tt is well known that inert gases are extremely insoluble
in metals; after they have been artificially introduced (producing a considerable supersaturation) and
the temperature is raised, the supersaturated solid solution therefore rapidly decomposes, forming
gas pores in the metal. The inert gases creating supersaturation may be introduced into the metals in
several ways, especially by a-particle bombardment. A certain proportion of a-particles are retained
in the metal as a result of absorption, and this leads to gaturation with helium. We used this method in
order to saturate nickel with this gas. '

‘A 0.1-mm thick foil of 99.99%-pure nickel was first vacuum-annedled at 900°C for 2 h and ir-
radiated with 12.4-MeV (mean energy) a-particles in a cyclotron at 30°C. The integral dose of irra-
diation was 104 particles /em?, Samples about 2 mm wide were

3 prepared from the irradiated (helium-saturated) foil.

The electrical resistance of the samples was measured by
a potentiometer method to an accuracy of 0.05%, the samples
being kept in an ultra thermostat at a constant temperature of
35+ 0.05°C. The samples were vacuum-annealed at a residual
pressure of 5-10~¢ mm Hg. The annealing temperature was
1 - measured and maintained to an accuracy of + 5°C. The incre-
ment in the electrical resistance of the nickel after irradiation
with the dose indicated was about 7.7%.

AR, Q x10?

0 LKO_,ﬁ ' Figure 1 shows the change in the electrical resistance as a
' result of annealing for 1 h at various temperatures. The curve

I shows that, up to a temperature of about 700°C, the electrical
o 0 200 1T resistance falls, clearly as a result of the healing (annealing) of

defects arising during irradiation. At higher temperatures

Fig.1. Change in the electrical (> 700°C) there is a sharp rise in electrical resistance. This
resistance (of nickel) for iso- suggests that there is a high rate of pore formation at such tem-
chronous annealing. peratures.

Translated from Atomnaya Energiya, Vol.21, No.6, pp.465-470, December, 1966. Original
article submitted May 27, 1966.
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Fig.2. Kinetics of the change in electrical resistance (of nickel) after

isothermal annealing at various temperatures, °C: a: 1) 700, 2) 750,
3) 800, 4) 850; b: 1) 900, 2) 950, 3) 1000.

The kinetic curves (Fig.2) indicate the complete recovery of the electrical resistance of irra-
diated nickel after annealing at 1000°C for 9 h, which demonstrates the insignificant influence of the
geometrical factor on the specific electrical resistance, since this is the same for the original nickel
and the nickel containing coalesced pores.

The  electrical-resistance curves at high temperatures (850 to 1000°C) are typical of processes
associated with the decomposition of a supersaturated solid solution, and are characterized by a
sharp rise in electrical resistance, followed by a drop.

On the other hand, at 700°C (Fig.2a), the electrical resistance first falls and then, after annealing
for 10 h, reaches saturation. Annealing at 750 and 800°C is accompanied by a rise in electrical resis-
tance, but without any fall, although this may appear after longer annealing periods.

The differences in the form of the kinetic curves in question are doubtless due to quahtatlve and
quantitative differences in the processes taking place at different temperatures.

Since stresses, assoc1ated with the formation of various kinds of defects, arise on irradiating
nickel with a-particles, the fall in the electrical resistance on annealing at 700°C is presumably due to
a reduction in these stresses, resulting from the mobility of the defects under such conditions. Natu-
rally this process should also take place in the initial stages of annealing at higher temperatures, at
which the mobility of the defects increases rapidly. Nevertheless, since the conditions of irradiation
are the same for all samples, the contribution of the mobile defects to the change in electrical resis-
tance should be considered the same in all cases.

It is already known [1-5] that high-temperature annealing after low-temperature irradiation leads
to the formation of a large number of pores, filled with inert gases, in the metal. Thus the change in
the electrical resistance of a supersaturated solid solution of helium in nickel at the first stage of
annealing should be due to the scattering of conductivity electrons at newly-generated and growing pores
and also at crystal-lattice defects arising as a result of the a-particle irradiation.

This may be expressed in general form as follows:

Ap—' ZN“) (1)+Nm0n(rn)v (1)

where N&i) is the density of crystal-lattice defects of type i, péi) is the corresponding specific electrical
resistance, Ny is the density of the pores, and py(rp) is the specific resistance of pore of size rp(here rp
is the mean pore radius).
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If we call Apy the change in the specific resistance of the sample due to the presence of pores
only, we may determine the number of pores from (1) by means of the formula

el @

If the crystal-structure defects vanish as a result of high-temperature annealing, for which they
have a high mobility, then the residual effect of the change in electrical resistance will be mainly de-
termined by the scattering of electrons at the pore surfaces and by elastic strains arising around these.
On the other hand, if the conditions fail to allow the rapid formation of a considerable number of large
pores, the change in electrical resistance will be mainly determined by mobile defects.

The curve representing the change in the electrical resistance of nickel subjected to isochronous
annealing after irradiation with a-particles (see Fig.1l) shows that, at temperatures above 700°C, the
change in electrical resistance is mainly due to the formation and growth of pores and their subsequent
coalescence, so that the fall in electrical resistance after annealing at 700°C is due to the healing of
mobile defects. Probably, under these conditions, the nuclei of the new phase (gas-filled pores), al-
though present, are very small, and, since the diffusion processes are very slow (the diffusion coef-
ficient of the gas in nickel at this temperature is of the order of 10-16 ¢cm?/sec), the pores cannot
coalesce, so that they give a negligibly small contribution to the change in electrical resistance on
annealing.

 This fact is supported by data relating to the change in the electrical resistance of quenched
aluminum [6]. It was shown that neither the increase in volume due to pore growth, nor the reduction
in the effective cross section of the sample due to the presence of pores, could influence the change
in electrical resistance. In other words, the role of the geometrical factor in the change of electrical
resistance is negligible. In addition to this, it was found that the specific electrical resistance of the
pores increased in proportion to the square of their size, this relation being valid not only for large
pores (50 to 100 A) but even for pores of sizes equal to those of atomic vacancies.

This latter circumstance shows that increasing the pore size 10 times should raise the electrical
resistance 100 times. This means that at annealing temperatures of 700°C or less (for which the pores
generated are still very small) the pore contribution to the change in electrical resistance is slight,
so that the annealing kinetics are determined by changes in the number of mobile defects.

Annealing samples irradiated by a-particles at 750 to 1000°C is accompanied, in the initial stage
(Fig.2), by a rise in electrical resistance, due to the intensive growth and coalescence of pores. Co

Figure 3 shows the form of the change in electrical resistance associated with annealing, in-
cluding 21l the stages observed experimentally. The following treatment of the successive stages in
annealing kinetics may be considered. We remember that we are considering the annealing of metal
previously bombarded by a-particles. This state is taken as origin and indicated by point 0. At a
fairly high temperature, mobile defects developing in the course of irradiation may in principal take
part in the generation and partial growth of the gas-phase nuclei,
although these vanish quite quickly. Hence in section OB the rise
in electrical resistance is due to the formation and growth of pores.
If at this stage the pores reach subcritical dimensions, at which
an important part is played by the redissolution of the "new-phase
grains", coalescence of the gas-filled pores begins. Apparently
this process also takes part on section BC, after time Tg- The
slowing down of the rise in electrical resistance and its subsequent
fall may be due to two competing sources: the continuing rise in
pore size and the reduction in the number of pores.

According to [6], the change in the electrical resistance as-
sociated with the increase in pore size is proportional to r?, ie.,

Fig.3. Schematic curve repre- ApV=Ar2. On the other hand, according to the theory of the co-
senting the change in the elec- alescence of gas pores [4], we should have r=B7. On this basis
trical resistance of irradiated we may suppose that Ap=C7?. Here A, B, and C are constants de-
samples subjected to isother- pending on the number of pores, the parameters of the diffusion
mal annealing. processes, the surfacetension, andthe elastic properties of the metal.
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If the number of pores falls far more rapidly with time than their size increases [4, 5], then at
the stage of intensive coalescence (BC in Fig.3) we may expect a fall in electrical resistance.

In addition to this, at stage BC there is a relaxation in the elastic stresses created by the pressure
of the gas in the pores. This process continues further in section CD, and may clearly go on until the
electrical resistance becomes equal to that of nonirradiated nickel.

Thus the n{echahism proposed for the change in the electrical resistance of a metal subjected to
annealing after preliminary irradiation with a-particles includes all the possible stages associated with
the various processes taking place.

Since the coalescence of gas pores plays an important part in the mechanism governing the swel-

"ling of material, it is desirable to analyze the changes in electrical resistance associated with annealing

in greater detail.

The theory of the phenomena associated with swelling was developed in [2, 4, 5, 7]. 'Of special
interest are [4, 5], in which certain limiting cases of gas-containing pores were considered. '

The following expression for the growth of pores was obtained in [4] (allowing for previous re-
sults in [1]): o

v’ . - .
drn _ D B (3)
@ = <A+“4/sm3-*7> - ,

Here A is the degree of saturation with vacanc ies, DV is the diffusion coefficient of the vacancies, nP
2ycy :

lclf’,r—wg-yvhere c}’ is the equilibrium concentration of va-

cancies in the crystal lattice, wy is the volume associated with one vacancy, and vy is the surface ten-
sion of the metal. )

An equation was also obtained for the change in the amount of gas in arpore:

~

b o 4aDPr (cr—s i) (4)

a &/3ars
where DP is the diffusion coefficient of the gas atoms, CP is the amount of gas per cm® of metal, and
- - .
o=ex (7).
The authors of [4] found asymptotic expressions for the two limiting cases of Tg<<land Tg>»1,

where 7g is the characteristic time for the change in pore size; for the annealing condition with A=0
this may be calculated from equation 3):

o, IR 5

Ty X ((TOJ )- (5)

Here Da:CyDV is the self-diffusion coefficient of the metal atoms, and T¢-is the "characteristic time"
for the change in the quantity of gas in the pore, which may be found from equation (4):

r2 A
Ty =~ Tpﬁ . (6)
The first limiting case is typical of the early stages of coalescence and the second applies to later stages.
In the case 'rg/-rg «1, the pores first grow to dimensions determined by the amount of gas in the
pore; from the condition
dr, D& n? BN (3"
2t = (Y aE 7) =0 ,
and on the assumption that there is little change in nP during the pore growth period, this gives (For A=0)

ey
=gl )

in accordance with equation (3). From (5) and (7), remembering the values of o and B, we obtain

3kTry ¢
¢~ Bava, D% -

8

T

We may consider that the characteristic time for the change in pore size Tg ON the electrical-resistance
curve for isothermal annealing corresponds to the maximum change in electrical resistance.
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g1y Dimensions of Gas Pores at Various
45 — %y Temperatures
35 /o/, - — Tann °K [D?, cm?/sec Tgr sec The A
5 j/ 7 1073 0.5-10-1¢ | 3.25.10-¢ 120
77 37 33 IT; 47 39 70 1123 0.16.10-13 2.16-10-4 135
ggg 0.64-10-13 3.6-10-3 135
. 0.16-10-12 1.8.10-3 1
Fig.4. Temperature dependence of Tg. 1273 0.5.10-12 0.9.10-3 1{;2
Mean - 140412

In fact, since at this stage the change in electrical resistance is proportional to the square of
the pore size

AR, =cNyr2, (9)

where c is a factor allowing for the geometry of the sample and Ny is the number of pores in unit volume
with a mean radius of rp, the condition for state B on the curve of Fig.3, dARy/dt =0 corresponds to
condition (3'), from which we obtain expression (8) for the characteristic time 7g.

In equation (8), the self-diffusion coefficient of the atoms may be replaced by the expression
D® == Dye~YRT,

where Q is the activation energy of self-diffusion.
Then we obtain

3KTr3
M i g ge@in (9"

Te= 8nywyDy

A graph of 1g 7, versus T-! (T = annealing temperature) is shown in Fig.4, from which we see that
7g closely obeys an exponential law with respect to the reciprocal of the temperature. The activation
energy found was 70, 000 cal/mole, in very good agreement with the activation energy of the self-
diffusion-of nickel measured by the radioactive-isotope method [8], which equalled 66, 800 cal/mole.
After determining the value of 7gy from Fig.4, we may estimate the mean pore size from the formula

) 8nywyD, 10

Using the corresponding values of ¥ =1600 dyn/cm [9], Dy=1.27 cmz/sec [8], wp=0.8"10"2%cm? and

Tay=1200°K, and 7gy~ 5.10~1 sec, we obtain rp~ 150 A.

On the other hand, by using published data for the self—-diffusion parameters of nickel [8], Dy= 1.27
em?/sec and Q=66.8 kecal/mole, we can calculate the self-diffusion coefficient D2 and estimate the mean
_pore size from the measured values of characteristic time 7g. The resultant data are shown in the table.

As we should expect, the resultant value of ry, differs little from that calculated by formula (10).

_ It should be noted that there is in fact a certain spread of pore sizes, and the mean value of
Tn obtained characterizes the probable value of this quantity, which, according to our analysis and the
tabulated data, depends very slightly on temperature.
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EFFECT OF NEUTRON IRRADIATION ON THE STRUCTURE
AND PROPERTIES OF LANTHANUM HEXABORIDE

M.S. Kovaltchenko, V.V, Ogorodnikov, UDC 621,038.553:546,654
and A, G. Krainii ' ’

The effects of neutron irradiation at integral fluxes of 10%¥ and 10% neutrons/ecm? on
lanthanum hexaboride were studied. Data relating to the radiation resistance,
changes in lattice parameter, microhardness, microbrittlenéss, and color of LaB,
were obtained, The effect of annealing on the recovery of the properties of the
irradiated samples were studied. The microstructure of samples subjected to
irradiation and subsequent annealing contained precipitates of a new phase,

probably a double hexaboride of lanthanum and lithium with a microhardness of

about 46 GN/m?2

Compounds of rare-earth elements with boron, hitherto mainly used in electronics [1, 2], have in
recent years come to be considered as promising materials for the control systems of nuclear reactors
[(3-6]. In addition to a large slow-neutron capture cross section, these compounds have high melting
points and chemical resistance in many aggressive media [1, 7, 8,], which is of special importance in
reactor development [9]. There is nevertheless very little information on the effects of nuclear radiations
- on the borides of rare-earth elements [10-12].

This paper is devoted to a study of radiation effects in lanthanum hexaboride (LaBg). The samples
for study were obtained by the hot pressing of LaB; powder (containing 31.3 wt.% boron, 0.1 wt, % carbon,
and about 0.5 wt. % oxygen) in graphite molds. The samples had the form of cylinders 8 mm in diameter
and up to 10 mm long. The residual porosity was about 10%. The lanthanum hexaboride was irradiated
with integrai thermal-neutron fluxes of 10 and 10? neutrons/cm? in the vertical water-cooled channel
of a water-cooled water-moderated nuclear reactor (VVR-M)situated in the reflector zone. The irradia-
tion temperature was no greater than 100°C, The ratio of fast to thermal neutrons was 1:10. The burn-
up of isotope B! in the surface layer of the sample was calculated from the formula [9]

N .
N—O=1—exp(—0CDz),

where N is the number of burnt-up B atoms, N, is the original number of BY atoms, o is the microscopic
capture cross section of BY, equal to 4010 b [13], € is the thermal-neutron flux muitiplied by F, the flux-
perturbation factor at the surface (for absolutely absorbing samples, F= 0.6 [14]), and t is the irradia-
tion time,

- For a dose of 10 neutrons/cm? allowing for the contribution of the fast neutrons, the burn-up of
BY ig 0.1%, and for a dose of 10% neutrons /cm? it equals 17%, which corresponds to a reduction of 0.02
and 2.9 at.% respectively in the total amount of boron in the surface layer of the LaBy.

- In view of the short free path of slow neutrons in lanthanum hexaboride {12], the burn-up of B
nuclei should fall rapidly on approaching the center of the sample. The average burn-up over the whole
volume of the sample may be calculated by the Lewis formula [14] '

94
k k]

where  is the rate of burn-up, f is the perturbation of the flux in the sample, & is the unperturbed flux,

V is the sample volume, and A is the absorption length, For a dose of 10® neutrons/cm?, the average

burn-up is negligibly small. Increasing the dose by 100 times leads to a burn-up of about 1% of the BY

Translated from Atomnaya Energiya, Vol. 21, No.6, pp.470-476, December, 1966, Original
article submitted April 19, 1966. :
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nuclei. Actually the value of (N/Ny) gy is rather higher, since
irradiation breaks up the samples, leading to an increase in the
irradiated surface. In addition to this, the absorption cross
section of LaBg is only known for thermal neutrons (energy 0.025
eV), whereas boronhas a considerable absorption cross sectionup
to an energy of 10 to 15 eV. Hence the effective neutron flux ab-
sorbedinthe sample is greater than that of the thermal neutrons.

. Radiation Resistance. By the radiation resistance of com-
sonents made of a particular material we mean primarily the
ability to withstand changes in dimensions, the formation of macro-
and microcracks, or the complete rupture of the components under
the influence of nuclear radiations [9, 15]. Investigation showed that,
after irradiation with an integral flux of 102’ neutrons/cm?, the samples
‘of lanthanum boride broke up and were converted into particles between
one and several mmin size. Some of these continuedto break up on car-
rying out subsequent operations (preparation of microsections for metal-
- lographic study and so forth) as a result of the existence of large cracks
formed during irradiation (Fig. 1).

Fig.1l. Cracks in irradiated sam-
ples of lanthanum hexaboride.

A dose of 10 neutrons/cm? was insufficient to rupture the samples, change their shapes, or
produce cracks.

Crystal Structure, Lanthanum hexaboride crystallizes the cubic system with a space group of
Oil - Pm3m, and a structure of the CaB; type. The cubic lattice points accommodate metal atoms en-
closed in a strong octahedral framework of boron atoms [1]., Irradiation withneutrons leads to considerable
damage of this framework or skeleton, as a result of the displacement of the metal and boron atoms
(under the influence of the fast neutrons) and the burn-up of the B atoms,

The reaction products (lithium and helium) have high energies (0.5 and 1.5 MeV respectively) and
produce considerable additional displacements of the lattice atoms, This weakens the bonds between
the atoms and considerably increases the lattice spacings.

X-ray diffraction examination was carried out in the URS 50-IM diffractometer. Reflections from
the {(431) (510)} and {(333) (511) } planes were recorded with a goniometer-rotation rate of 1/4 deg/
min. The lattice spacing was calculated from the position of the integral center of the diffraction line
dividing the area of the diffraction peak (determined with a planimeter) into two equal parts [16]. The
results were averaged over three samples, the diffraction peak being recorded twice for each sample
(in the forward and reverse directions),

The lattice spacing oaf nonirradiated lanthanum hexaboride was 4.1527+ 0.0004 1& in good agreement
with published data (4.153 A) [17]. _Irradiation with an integral flux of 10% neutrons/cm? increased the
lattice spacing to 4,1642 + 0.0004 A, i.e., by 0.28%.

On estimating the stresses of the first kind [18] from the relation
(d=the interplanar spacing, E=Young's modulus, equal to 488 GN/m? for LaBg [17]), we obtained a

value of about 1,37 GN/m? The elastic energy was determined [19] from

Ee2
W= 3(1—v) *
where v is Poisson's ratio and € = Ad /d.

We may take v=1/3 and so deduce W=81.1 J/g-mole for LaB; irradiated with an integral flux of
10% neutrons/em? (i, e., 0.4 J/g).

Rough estimates of the same kind showed that the energy stored on developing stresses of the first
kind in BeO constituted about 0.05%, and in graphite and diamond 6%, of the total stored energy found
from calorimetric measurements [20, 21]. The total energy is predominantly associated with the
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Fig. 2. Microstructure of LaB; (X 200): a) before irradiation; b) after irradiation with an integral
flux of 10% neutrons/cm?;c) after irradiation and annealing at 400°C; d) after irradiation and annealing
at 600°C; €) after irradiation and annealing at 800°C.

PEY

development of statistical displacements of the atoms', i, e,, with stresses of the third kind, the'energy of
which may be determined [22] from the formula

1
U = C,AT,
where C, is the specific heat and AT the effegtive temperature, Calculation of the effective temperature
from the change in lattice spacing (a=4.1642 A, a,=4,1527 A) and thermal-expansion coefficient a =
6.4- 10 ° deg !gives AT=433°C. Since the value of Cy, for LaBg is 116.6 J/g-mole. deg [17], U =~25,140
J/g-mole, or 123.2 J/g, whichcorresponds to the values of stored energy found in metals [23].

Microstructure. Microsections of the samples, previously fixed with Wood's alloy in special
holders, were prepared with the help of diamond pastes on an automatic grinding machine in a protective
chamber of the 2KZ type. Then the structure of the samples was studied in a remote-control MIM-14-1
optical microscope.

At a small magnification, a few large cracks, broadening in the middle and narrowing at the ends,
were visible (Fig. 1). Some cracks had branches.

On comparing grain sizes before and after radiation for samples etched in preheated 50% nitric
acid, no marked changes were observed.

Samples of both irradiated and nonirradiated lanthanum hexaboride were characterized by the
existence of intergrain and intragrain porosity; hence no micropores resulting from the build-up of helium
atoms could be found (Fig. 2).
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Fig. 3, Effect of neutron irradiation on the
microhardness distribution-density curve
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Optical Properties. Neutron irradiation with a
dose of 10® neutrons/cm? changes the color of
lanthanum hexaboride from violet to violet-blue, and-
for a doge of 102 neutrons / em? to dark blue with a
weak violet tinge,

Hence in addition to defects in the crystal lattice
there are defects in the electron structure; these should
differ from the color centers characteristic of ionic
crystals owing to the presence of free electrons,

Microhardness. Measurements were made on a
remote-control microhardness tester of the PMT-4
type with a load of 100 g. Three hundred measurements
were made (100 on each sample) both before and after
irradiation. The results are shown in Fig. 3., from
which we see that neutron irradiation changes the form
of the distribution-density curve, i.e., the irradiated
material becomes more inhomogeneous, The average
value of microhardness was determined by measuring
the area under the curve with a planimeter, Irradiation
with an integral flux of 102 neutrons/cm? changed its
value from 23.2 to 25.0 GN/m?, or by 7.5%.

The displacement of the distribution-density curve
and the shift in its maximum are due to the pinning of
dislocations at radiation defects. The spread of the
curve indicates the increased volume inhomogeneity of
the structure due fo the development of zones or regions
of radiation damage. These regions or zones include
large numbers of atoms situated in irregular positions.
We may suppose that these regions correspond to
thermal peaks or zones of displacement [21].

Microbrittleness. In measuring the microhard-
ness, we noted the number of impressions with cracks
and the number and character of the cracks at each
impression; this gave us the total "brittleness number"
in accordance with the formula

Zp= Ohg -+ 10y - 205 -+ 313 - 4ny, - Sng,

where the indices 0 to 5 are the brittleness numbers
[24] and n; is the relative number of impressions with
the corresponding brittleness number,

On irradiating with an integral flux of 10%
neutrons / em? the value of Zp rises sharply (from 0.5

to 2. 2, i.e., by 4.4 times). It is known that the generation of damage centers takes place as a result of
the localization of strain and the blocking of slip in a region of crystal-lattice imperfections [25]. The
microbrittleness results obtained show that the radiation defects lead to the formation of cracks,

Thermal Recovery of Radiation Effects. Radiation defects are thermally unstable; at high tempera-

tures the properties of the unirradiated materials are therefore restored. In lanthanum hexaboride not
all the radiation effects are reversible, since impurity atoms of lithium and helium appear in the lattice.

In order to study thermal recovery, LaB; samples were annealed in an argon medium for 1 h at
temperatures of 400, 600, 800, and1000°C. In analyzing the results, data obtained from three parallel

samples were averaged.

We see from Fig. 4 that annealing at 400°C led to a considerable recovery of microbrittleness and an
increase in microhardness. At an annealing temperature of 600°C the microhardness and lattice spacing
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Fig. 5. Precipitates of a new phase (white regions) after annealing
irradiated LaB; (X 400).

began recovering, although the over-all brittleness number remained 0.6 higher than the original. At
800°C the microhardness recovered completely and changed very little with further rise in temperature.
The lattice spacing fell monotonically, but still remained 0.0055 A high,

The rise in microhardness after annealing at 400°C was due to the interaction of impurity atoms
(lithium and helium) with dislocations. The impurity atoms were attracted by the dislocations and parts
of these dislocations were thus pinned. The pinning effect was associated with the fall in the energy of the
system when an impurity atom penetrated into the stress field of the dislocations. Electrical (Coulomb)
and chemical interaction may contribute to this process [23].

The pinning of the dislocations by impurity atoms may not entirely prevent their rearrangement into
an energetically more favorable configuration, Raising the temperature to 400°C leads to the thermally-
activated slipping'of dislocations, as a result of which the dislocations occupy energetically more favorable
positions. Hence the effectiveness of the incipient cracks formed by irradiation falls, and this appears'in
the considerably reduced microbrittleness,

Raising the temperature to 600°C produces a fall in microhardness and a reduction in the lattice
spacing as a result of the healing of statistical distortions brought about by the diffusion mobility of the
radiation defects., The acceleration of the self-diffusion process at temperatures above 600°C contributes
to the further displacement and rearrangement of the dislocations on the basis of a creep mechanism,
Annealing at 1000°C completely restores the violet color of LaB;.

The annealed samples contained a new phase in the form of bright white inclusions, easily visible on
the background of dull LaB, grains and black pores (Fig.5). More careful analysis of the microstructure
of the irradiated samples (before and after annealing) and of the nonirradiated samples showed that '
similar inclusions also occurred in the irradiated material; the number, and especially the size, of these
inclusions, however, were much smaller than in the annealed samples. As regards the nonirradiated
samples, in very rare cases we were able to see extremely fine glistening spots similar to the inclusions
found in the irradiated material.

The new phase, the concentration of which rises considerably on subsequent annealing of the irradi-
ated samples, is not unexpected, since, in view of the reaction BY (n, @) Li’, lithium impurity atoms
appear in the crystal lattice, Borides of alkali metals are unknown, but, in the presence of rare-earth
elements, double hexaborides, in which the amount of alkali metal does not exceed a certain limiting
value [26], are formed. Hence the phase appearing after annealing is evidently a double hexaboride of
lanthanum and lithium. The microhardness of this phase is about 46.0 GN/ m?, which is considerably
higher than in the double hexaboride (La, Na)Bg (22.0 to 32.0 GN/m?). Such a difference between the
microhardnesses of the analogous compounds is quite reasonable, since the interatomic bonds formed by
the 2s! electrons of lithium should be stronger than those arising from the 3s! electrons of sodium, and an
increase in bond strength should produce an increase in the Peierls-Nabarro forces and a corresponding
reduction in ductility [27]. '
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The formation of the new phase is observed primarily on the surface of grains bordering pores.
Figure 5a clearly illustrates the initial stage in the formation of large precipitates similar to those
in Fig, 5b,

Thus neutron irradiation of lanthanum hexaboride with an integral flux of 10% neutrons/cm? leads
to the formation of large cracks and the breaking of the samples into fractions between one and several
mm in size,

The lattice spacing rises by 0.28% owing to the build-up of static distortions., The stored energy
associated with the static distortions is about 25 kJ/g-mole, or 123.2 J/g, which corresponds to the

stored energy in irradiated metals, The average microhardness rises by 7.5% and the degree of micro-
brittleness rises 4.4 times, the color of the LaB, changing from violet to dark blue.

Annealing at 400 to 1000°C affects the properties of irradiated lanthanum hexaboride as follows:
There is a complete restoration of color and microhardness and a partial restoration of lattice spacing
and degree of microbrittleness. The increase in the microhardness of irradiated lanthanum hexaboride
after annealing at 400°C is due to the interaction of dislocations with impurity atoms of lithium and to the
increase in the critical stress necessary for initiating the operation of Frank-Reed sources.

The healing of radiation defects becomes considerable at 800 and 1000°C, owing to the possibility of
diffusion processes taking place,

The microstructure of samples subjected to irradiation and subsequent annealing contains preci-
pitates of a new phase, probably a double hexaboride of lithium and lanthanum, with a microhardness of
about 46.0 GN/m?2.
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INTERACTION OF TETRAVALENT URANIUM WITH THE
CHLORIDE-FLUORIDE MELT NaCl.— KCl — NaF

M. V. Smirnov, A. P. Koryushin, ' : -UDC 541, 138:661, 879
and V. E. Komarov -

The method of measuring the oxidation-reduction potential of U(IID/
U(IV) was used to investigate the interaction of uranium tetrachloride
with a chloride-fluoride melt, The measurements were performed in a
molten equimolar mixture of sodium and potassium chlorides, containing
3% by weight U and 8,0-18.5% by weight NaF, within the interval 973-
1123°K,

It was established that U** forms the fluoride complex UF~% in a
melt of the investigated composition, An expression was found for the
temperature dependence of the instability constant of this complex in a
NaCl — KC1 — NaF melt:

=+ 0.25,

- 'gé'xzo,95~i(3ﬁﬂ_
One of the methods of producing metallic uranium is the electrolysis of chloride-fluoride melts

containing tetravalent uranium (1, 2], Moreover, solutions of this kind can be used to obtain crystalline

uranium dioxide [3].' However, the absence of information on the thermodynamics of the interaction of

tetravalent uranium with molten fluoride-chloride mixtures required a special study of this question,

We had earlier investigated the equilibrium between metallic uranium and a melt NaCl — KCl-
NaF containing uranium ions [4]. It was established that chiefly trivalent uranium is in equilibrium
with the metal; in the presence of excess fluoride ions, it forms the fluoride complexes UF5_2; moreover,
the instability constant of this complex is described by the equation

log K, =0.84— 2%+ 0,04. (1)

Using these data and the results of a determination of the redox potential in the chloride melt NaCl — KC1
[5], we can find the composition of the fluoride complex of tetravalent uranium and its instability constant
in the melt NaCl — KC1 — NaF, For this purpose it is necessary to measure the redox potential of the
system U(III)/U(IV) in the indicated melt at various temperatures, fluoride ion concentrations, and a
definite uranium content,

Actually, the Nernst formula for the redox potential of U(IIL)/U(IV) in the chloride salt melt
NaCl — KC1 takes the form

T Us+ o
E = EYsrjyar -1 fp—lnﬁ—}— , (2)
where ,
EYsv e == —1,906—{—4,87»'10_47‘; (3)

[UH], [U*] are the molar fraction concentrations of tetra- and trivalent uranium,

If fluoride anions are introduced into the system, then we should expect the reaction of complex

formation
Ust 4 5F- 2= UFZ-

and Us* 4+ mP- 2= R4~ .
where m is the number of fluoride ions bonded in the fluoride complex with tetravalent uranium,

Translated from Atomnaya flnergiya, Vol, 21, 'No,6, pp. 476-478, Decembér, 19.66. Original
article submitted July 4, 1966,
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The instability constants of the complexes formed are correspondingly equal to

S L5 I L L

K= —omy (4)
_ [UsH] [F~jm

K= [UF(m=D7] ()

where [Ung], [UFI(nm“‘)"] are the molar fraction concentrations of tri- and tetravalent uranium contained
in the complex compounds; [F~] is the molar fraction concentration of the free fluoride ions, i.e,, not
bonded in complexes,

Substituting the concentrations of uranium not contained in complex compounds from (4) and (5)
into (2), we obtain an expression for the redox potential in chloride-fluoride melts:

p(m—4)~
g RT , K , RT [UF; 1
E-- Eua+/U4+ -+ 7 In . + 7 In — [OFZ]

—(m—-195) %?—ln [F]. (6)
From (6) it follows that at constant temperature and a definite uranium content with a fixed ratio of the
oxidized form to the reduced form, the redox potential of the system will be determined only by the
concentrations of free fluoride anions, Then let us write (6) in the form

E = const — (m —5) 22~ In[F"), (7)

moreover, we can _obtain the value of m directly according to the value of the prelogarithmic coefficient,
Knowing the number m and using functions (1) and (2), it is easy to find the temperature dependence
for the instability constant of the fluoride complex of tetravalent uranium according to equation (6),

Below are presented the results of our measurements within the interval 973-1123°K for a molten
eutectic mixture of sodium and potassium chlorides, containing 3% by weight U and 8.0-18,5% by weight
NaF.

EXPERIMENTAL SECTION

In the experimental respect, the work was reduced chiefly to a measurement of the emf of the cel],
of the type

Indicator electrode

(molybdenum) | molten NaCl — KCl 4- 2U%* + (1 — z)Us* 4 yNaF || molten NaCl—KCl |C, Cl..

Salt mixtures prepared according to the well-known procedure of [4] were used as the electrolyte,
Uranium was introduced into the electrolyte by anodic dissolution of the metal at a current density of
~0,1A/cm?, When the metal dissolved and trivalent uranium was subsequently oxidized, the role of the
cathode was played by the chloride electrode, Before loading of uranium into the cell, its surface was
cleaned by etching in hot nitric acid, after which it was washed in water, ethanol, ether, and dried. A
boron nitride crucible was used as the container for a melt, The measuring and regulating apparatus

was described earlier [4]. The redox potential was measured with 2 molybdenum indicator electrode,
Before the experiment the cell was evacuated and filled with helium, purified of traces of water and
oxygen by repeated passage over phosphoric anhydride and metallic calcium, and heated to 780°C,

The residual oxygen in the helium was absorbed by a metallic uranium getter directly in the cell at 850°C,

RESULTS OF THE MEASUREMENTS

Table 1 presents the results of measurements of the emf at a definite composition of the electrolyte
and different temperatures, From the table we can find the redox potential of U(II1)/U(IV). It is equal
to the difference of the emf and thermal emf between molybdenum and carbon current leads [6], taken
with the opposite sign. Then the dependence of the redox potential of the system U(III)/U(IV) on the
temperature at a definite composition of the electrolyte is written in the form of the following equations:*

E, = — 3,010 -- 4,87-10T 4 0,005b (%: 30; [Lg%%z 1);

T _ g, 0OV _ 1)

E,= —3,1|07 +5,92-107 + 0,0060, [0] oAy =

* These and the following empirical equations were found from the experimental data by the methnd of
least squares, :
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TABLE 1, emf Between Molybdenum and Chloride Reference Electrode (Uranium
Conceptration 3% by Weight)

[F1/[U]=30 [FY/[U)=25 [F1/[U]=20 [F1/[U]=19 [F)/[U]=15 *
T, °K emf . T, °K emf T, °K emf T, °K emf T, °K emf
989 | 2.523 982 2.523 975 2.499 979 2.474 973 2.411
1005 2.504 1001 2.498 989 2.487 1003 2.449 996 2.391
102¢ 2.508 1029 2.491 1024 2.449 1022 2.455 1015 2.395
1051 2.487 1052 | 2.472 1044 2.454 1048 2.418 1047 2.389
1074 2.480 1080 2.458 1060 2.425 1068 2.427 1063 2.372
1085 2.470 1096 2.453 1078 2.428 1098 2.398 1083 2.354
1106 2.460 1123 2,429 1093 2.405 1118 2.390 1113 2.343

* In this case [U(IV )]/ [U(II1)] = 1.5; in all other cases this ratio is equal to 1.

TABLE 2, Instability Constant of the

s 2 P S
Fluorlde Complex UF6 in a Melt 3__’_3 219 4 7.32.1047 + 0 Oogb ([[5} O; {8 ((III\;;} — 1) :
NaCl — KC1 — NaF ’

T,°K |-logk |7, °K|—-logK T, °K | —logk ~ . qu (IV)j ~
Ey= —3.040+ 573407 + 0.0086, ({5 =19 {7k =1);

973 15.6 | 1022 | 14.9 10;8 14.1 - wavy

979 15.7 | 1024 | 14.8 10 14.1 o _am _

979 | 155 (1029 | 4.8 | 1083 | 14.0 s = —2.860 +4.55-107T + 0-0061”([—01“ 15 o =1 5)

982 15 6 1044 14.6 1085 14.0 ,

989 15.4 1047 14.5 1093 13.8

989 15.4 1048 14.4 1096 13.9

996 15.2 || 1051 | 14.4 1098 13.8

1001 15.2 ) 1052 1 14.5 1106 13.8 The change in the redox potential as a function of the

1003 15.1 {1060 | 14.3 1113 13.7 . . .

1005 15.1 1063 | 14.3 1118 13.6 concentration of free fluoride ions in the melt at constant

}ggf }2:3 }ggg }Z:f 1123 18.5 temperature and [U(IV)]/[U(III)] = 1 is characterized by

the equations

Eg= —2.T17T— 0231og [F7] (for 1000°K);
E;= —2 646 —0-22 log [F"] (for 1100°K).

The prelogarithmic factors in the equations obtained are close to the value of 2,3(m - 5)RT/F at the
corresponding temperature and m = 6, Consequently, in the presence of excess fluoride anions, the
tetravalent uramum ion interacts with the chloride-fluoride melt of the investigated composition, forming
- the complex UFg 2,

The expression for the temperature dependence of the instability constant K, in a molten mixture
~ of NaCl — KC1 — NaF, found according to the calculated values from Table 2, takes the form

log K, = 0.95 — 1820 4 ¢ 05

or considering the errors in the determination of log K, and E{ +3/U+4

16200i025 (8)

Thus, we may make the following summarizing statements:

1, The interaction of uranium tetrachloride with a melt of NaCl — KC1 — NaF was studied by
the method of measuring the redox potential,

2. It was established that in the investigated melt, tetravalent uranium forms the fluoride com-
plex UF;? in the presence of excess fluoride anions,

3. An expression for the temperature dependence of the instability constant of this complex in
the molten mixture NaCl — KC1 was found,
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CONDITIONS OF THE DEPOSITION OF URANIUM FROM
HYDROTHERMAL SOLUTIONS OF METAL DISULFIDES
ACCORDING TO THE EXPERIMENTAL DATA

B. S. Osipo¥ UDC 550.41:553.21/24

On the basis of the experimental data it was shown that pyrite and
molybdenite are effective reducing agents for hexavalent uranium from so-
lutions of uranyl sulfate under conditions of increased temperatures. The
reduction and deposition of uranium may occur from highly dilute solutions.
The effectiveness of the process is greatly influenced by the temperature
and pH of the medium. In addition, under the conditions of equilibrium

with disulfides, substantial concentrations of hexavalent uranium, from the
geochemical standpoint, may remain in the solutions.

It has been established that varied impurity elements, contained in
pyrites from different deposits, have practically no effect upon the equili-
brium concentrations of uranium in solution. :

The results of experiments characterizing the temperature dependence of equilibrium concentra-
tions of uranium in sulfate solutions in the presence of hydrogen sulfide [1], elementary sulfur [2], and
some of the most important sulfides [3], were published earlier. In the last study it was shown that
when the temperature is lowered from 360 to 200°C, the equilibrium concentrations of uranium in the
presence of sulfide minerals increase.

In experiments with pyrite and molybdenite, the concentrations increase by almost four orders of
magnitude and reach the first grams per liter at 200°C. These data were obtained for solutions with an
initial uranium concentration of 10 g/liter. It may be assumed that the uranium content in natural
hydrothermal solutions was substantially lower. Therefore, new experiments were conducted with py-
rite, in which the uranium concentration in the original U0,SO, solution was varied within broad limits.

Moreover, we studied the dependence of the equilibrium concentration of uranium upon certain other
factors.

All the experiments were conducted with natural samples of pyrite and molybdenite, preliminarily
crushed and freed of inclusions of extraneous minerals in heavy liquids and under a binocular micro-
scope. A microscopic study of the samples prepared showed that in pyrite from an unknown deposit,
which was used in all the basic experiments, there are rare inclusions of fahlerz and galenite up to
0.04x 0.01 mm in size, as well as individual inclusions of native gold and quartz. Rare inclusions of
fluorite are noted in pyrite from the Kalangui deposit, and quartz in pyrite from the Central Deposit.
Rare and fine crystals of beryll and inclusions of feldspar are encountered in molybdenite.

According to the data of spectral analyses, all the samples of pyrite contain arsenic (0.1-1%) and
copper (0.0001-0.03%), while some contain Mn, Pb, Sn, Bi, Ag, and Sn. An especially high arsenic
concentration (~1%) was noted in pyrite from Kalangui, while lead (0. 1%) was found in pyrite from
Shtribro. Molybdenite is characterized by increased concentrations of beryllium (0.1%) ,and impurities
of Mn, Cu, Cr, Fe, and Ca. All the pyrite samples were analyzed by a chemical method.

In most of the experiments we used grains of the fraction -0.64+ 0.4 mm, and in certain methodo-
logical experiments, from the fractions -0.4+0 25 mm, -0.25+0.15 mm, and -0.15+0.064 mm. The
amount of the mineral used in the experiments was measured by volume, which was 0.25 cm?® in the
basic experiments. As a result, the summary surface of the grains remained more or less constant
and had no effect upon the rate of the reaction between the liquid and solid phases.

Translated from Atomnaya Energiya, Vol.21, No.6, pp.479-483, December, 1966. Original
article submitted May 31, 1966.

1179

Declassified and Approved For Release 2013/03/12 : CIA-RDP10-02196R000700040006-8



Declassified and Approved For Release 2013/03/12 : CIA-RDP10-02196R000700040006-8

All the experiments were conducted in quartz ampules, into which the sulfide and a solution of
U0,80, of set concentration were introduced. The experimental procedure was described in more de-
tail earlier [3]. The uranium concentrations were determined by a luminescent method according to the
method of additives (without preliminary purification -of the samples) [4, 5], considering certain cor-
rections established in [6]. The iron concentrations were determined according to the degree of extinc-
tion of the luminescence of NaF fluxes [7]. The relative error in the determination of uranium does not
exceed +10%, that of iron + (10-15)%.

Part of the determinations of uranium and iron were subjected to internal and external monitoring.
External monitoring of the determination of uranium was conducted by a luminescent method after pre-
liminary chemical purification of the investigated samples. The determination of the iron concentrations
was monitored by a colorimetric method using sulfosalicylic acid. The relative error in the determina-
tions did not exceed * 10%.

EXPERIMENTAL RESULTS

The time needed to achieve equilibrium in the system was determined by special experiments with
pyrite [3]. It was established that in the presence of pyrite, equilibrium in the system at 360° is reached
in less than 3 h, and at 200°C in less than 25 h. The achievement of equilibrium was confirmed by a
measurement of the amount of metal in the ampule, as well as of its grain size. On the basis of the
results of preliminary experiments, the exposure time at the set temperature in the subsequent experi-
ments was assumed equal to 120, 116, 78, and 54 h at 200, 250, 300, and 360°C, respectively.

"The equilibrium reached at the experimental temperature may be displaced during cooling and
filtration. Inasmuch as the equilibrium uranium concentrations in solution increase with decreasing
temperature, they may increase upon cooling. The influence of the time of quenching was studied in

experiments with molybdenite heated at 360°C for 48 h in so-
lutions with initial uranium concentration 10 g/liter. Sub-

g top sequent exposure of the ampules at room temperature for

g %0 3w ’ %0 o 24, 72, and 240 h has practically no effect upon the uranium
% Ao T T i _ concentration. Thus, the dissolution of uranium-containing
g A 3 solid phases, formed at the experimental temperature, pro-
g 2p— ot —6—— , & ceeds rather slowly as the temperature is lowered, which

E g T agrees with the data obtained earlier for the system UO,80;
& “or u B — S — H,0 [2].

& 1 e

-y g The results of an experimental study of the tempera-
g J +0.07 “ci ture dependence of the equilibrium concentration Ceqyjl of
< -50F ]}HH[ EX uranium in the presence of pyrite and molybdenite are pre-
=2 H.ﬂm] 20001 sented in Fig.1 (curves 1-3). The points on the graph re-

UE;’ -8.0 present average values of the concentrations, derived from -
& 00001 the data of two to 24 experiments and converted to the volume
1% 3 ) of the solution at the temperature of the experiment. Inthe con-

5

175

/T x10% %

2.0

versionitwas assumedthat atincreased temperatures, the den-
sity of the solution is equal to the density of water, which comprises
0.865,0,799,0.712, and 0.525 g/cms- at 200, 250, 300, and 360°C,

Fig.1. Dependence of log Ceqyjl of
metals in solution in the presence
of pyrite and molybdenite upon 1/T
°K: 1,2) uranium concentrations in
the presence of MoS; and FeS,, re-
spectively (initial uranium concen-
tration 10 g/liter); 3) in the pre-
sence of FeS, (0.1 g/liter); 4) inthe
presence of simple sulfides: PbS,
ZnS, CuFeS, (10 g/liter) [3]; 5) iron
concentration in the presence of
FeS, (initial uranium concentration
10 g/liter).

respectively [8].

The data cited in Fig.1 show that at an initial uranium
concentration in solution of 10 g/liter, the temperature de-
pendence of the equilibrium concentrations in the presence of

pyrite (2) and molybdenite (1) are close. At 200°C, the equi-
librium concentrations of uranium are equal to 1.68-2.18
g/liter; at 360°C, they are 0.00015-0.00059 g/liter. Thus, with
increasing temperature the uranium concentrations decrease
(this is especially sharply manifested within the interval 250~
300°C) by approximately 100-fold in the presence of pyrite.

The temperature dependence of the equilibrium con--
centrations of uranium at an initial concentration of 0.1 g/liter
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was studied in experiments with pyrite. To prevent the pre-
cipitation of hexavalent uranium as a result of hydrolysis, the
solution was acidified to pH 1.6 with sulfuric acid. The re-
sults of these experiments show that the dependence of the logarithm of the equilibrium concentration
on the reciprocal of the absolute temperature is expressed by a straight line (3 in Fig.1). The treat-

ment of the experimental data by the method of least squares shows that this dependence is described by
the equation

log C 4956,8
T

equil = — 14,400.

It should be mentioned that the graphs of the temperature dependences of the equilibrium concen-
trations of uranium in the presence of pyrite (2 and 3) and molybdenite (1) differ sharply in slope and
partially in shape from the curves characterizing the analogous dependences in the presence of simple
sulfides — galenite, sphalerite, and chalcopyrite (shaded region in Fig.1).

The dependence of the equilibrium concentration Cequil of uranium upon its initial concentration
Cinit in solution was studied in the presence of pyrite within the interval 40-0.001 g/liter U. The re-
sults of experiments conducted at relatively high initial uranium concentrations in solution (as a result of
which the solution was not acidified with sulfuric acid) are cited in Fig.2,

With increasing initial uranium concentration from 10 to 40 g/liter, the equilibrium concentrationd
increase by almost an order of magnitude; moreover, from 300 to 360°C the dependences are expressed
by parallel straight lines. However, the results of experiments conducted at an initial uranium con-
centration of 5 g/liter (360°C) permit us to assume that in the region of lower initial uranium concen-

trations, the graphs characterizing the dependence under consideration gradually become more sloping
and almost parallel to the x axis.

The initial solutions of uranyl sulfate of low concentrations were acidified to pH 1.6; an exception
was the solution with a concentration 10 g/liter. From the graphs of Fig.3 it follows that the equilibrium
concentrations of uranium depend substantially upon the initial concentrations; moreover, this depen-
dence is more pronounced, the lower the temperature.

In addition to the experiments described, we conducted a series of experiments with pyrite at 360°C,
in which the initial solution, with uranium concentration 0.1 g/liter, was acidified with sulfuric acid to
various pH values. The results of the experiments cited in Fig.4 show that pH in the region from 3 to 1.5

has practically no effect upon the equilibrium uranium concentration in solution. At pH values less than
1.5, the equilibrium uranjum concentrations rapidly increase.

In the experiments we used natural samples of pyrite and molybdenite, containing impurities of
various elements. To determine the influence of impurities on the equilibrium concentrations of uranium,
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we conducted three experiments each with samples of pyrite taken
from five different deposits at t=300°C and uranium concentration
in the initial U0,S0, solution of 10 g/liter. From the results cited
“o—b8 in the table it is evident that the equilibrium concentrations of ura-
Y , nium are practically the same in the presence of any of the samples.

bl
=

DISCUSSION OF RESULTS

The experimental results show that the curves expressing the
temperature dependence of the equilibrium uranium concentrations

W0 in the presence of pyrite and molybdenite are close in character but
differ greatly from the analogous curves obtained for the simple sul-
0 05 10 15 20 25 30 35 fides — galenite, sphalerite, and chalcopyrite. A similar curve is
. bH also observed with respect to the absolute values of the uranium

Uranium concentration in solution, mg/liter.
N
HT*

concentrations in solution. Pyrite belongs to the group of disulfides,
i.e., minerals containing the complex anion S%" [9]. The viewpoint
_exists that sulfur is also present in molybdenite in the form of the
anion S%’ [9,10]. In our opinion, the combination of experimental
results is evidence in favor of a monotypic character of the anionic
portion of pyrite and molybdenite. According to the data of {11}, the
coefficient of strength of the bond in disulfides is one-and-a-half to
“two times as high as in simple monosulfides, which contain sulfur
_ B in the form of the ion $*=. The different strength of the crystal lat-
tices of monosulfides anddisulfides most likely also is the explanation for the anomalous behavior of
the latter in their interaction with solutions. '

Fig.4. Dependence of the ura-
nium concentration in the pre-
sence of pyrite on the pH of
the initial solution (t=360°C;
initial uranium concentration
in solution 0.1 g/liter).

In the presence of pyrite and molybdenite, a sharp drop in the equilibrium uranium concentrations
is observed — from tenths to a few hundredths and even thousandths of a gram per liter — when the
temperature is increased from 250 to 300°C. It may be assumed that such a sharp change in the ura-
nium concentrations is due to an increase inthe content of sulfide sulfur in solution, which is due to an
abrupt change in the strength of the bonds in the disulfides in the indicated temperature interval,

As a result of oxidation-reduction reactions that occur between pyrite and the uranyl sulfate solu~
tion, on the one hand, there is a reduction of tetravalent uranium, and on the other an oxidation of ‘
divalent iron and sulfide sulfur. The presence of appreciable amounts of trivalent iron in solution after
the experiment is confirmed by its intensive reaction with ammonium thiocyanate. In other cases, when
the pH of the solution exceeded 2, iron oxides were observed in the form of a brownish-red deposit.
Under the conditions under which the experiments were conducted, sulfur may be present in the form of
the following ions (or nondissociated molecules): §*~(HS™, H;S), S, SO%(HSO7, HyS03, SOy), 0%~ (HSO,
H,80,, SO,).

When the ampules with pyrite were opened, especially after heating at 300 and 360°C, a strong
odor of sulfur dioxide was noted. The deposition of elementary sulfur in the solid phase practically was
not observed. Thus, it may be assumed that in the oxidation of sulfide sulfur, sulfur dioxide and the '
sulfate ion may be formed in appreciable amounts. The summary reactions of uranyl sulfate with pyrite

Equilibrium Concentrations of Uranium in Solution in the
Presence of Pyrites from Different Deposits

Deposit

shuribro’| Unknown| Central | Kalangui| Akchatau

Uranium concentra- 1.46 1,31 1.85 1,50 1,71
tion in solution, 1,79 1.84 1.56 1.93 1.66
mg/liter <+« « . 1.52 1.45 [ 1.80 1.83 1.75
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may be schematically represented by the following equations:

&3 i)

3U0,S0; + 2FeS; = 3U0, + Fey(S0,); + 45;
[[U0,S0, + 2FeS, +8H,0 = || UO, -+ Fey(S0,); -+ 8H,S0, + 480,

202 15U0,50, + 2FeS, + 16H,0 = 15U0, + Fe,(SO,), +- 16H,80,.

Iron concentration in solution, g-ion/liter

).
3

Figure 5 shows a change in the iron concentrations in solu-
tions in experiments with pyrite, calculated from Egs. (1)-(3) under
the condition that all the uranium originally present in solution is

241 2 le | consumed in the reaction. The coincidence of the experimentally
found iron concentrations with those calculated according to equa-
(3) tion (2) indicates that at the temperatures 300 and 360° C the reaction
0 proceeds according to an equation close to (2).
CY/R
250 J;”?,E. ol In experiments with pyrite at initial uranium concentrations
?

from 10 to 40 g/liter, the ratio of the number of moles of the reac-

Fig.5. Concentrations of iron:
determined experimentally
(points) and calculated accord-~
ing to Eq. (1)-(3). Initial ura-

. . , the equilibrium concentrations of iron in solution.
nium concentration in solution

10 g/liter. The parallelism of the straight lines (Fig.2) expressing the

tion products to the number of moles of the initial components (slope
of the straight lines in Fig.2) was equal to 1.4. According to equa-~
tion (2), this ratio should be equal to 1.2. It may be that the basic
reaction is accompanied by side reactions, which do not influence

dependence of the logarithm of the equilibrium uranium concentra-

tion on the logarithm of the initial concentration at 300 and

360°C confirms the fact that in this interval of temperatures and concentrations the same reaction

(or reactions) occurs.

The absence of a linear dependence of the logarithm of the equilibrium uranium concentration in
solution upon 1/T°K in the temperature region 200-360°C, as well as the sharp drop in this concentra-
tion within the interval 250-300°C, permit us to assume that at an initial uranium concentration in so-

lution of 10 g/liter, the oxidation-reduction reactions of uranium with pyrite at 200-250°C and 300-

360°C proceed according to different equations. This same fact is confirmed by the results of experi-

ments with no initial uranium concentrations; the 200°C isotherm (Fig 3) differs sharply in slope from

the 300 and 360° C isotherms.

It should be mentioned that the equilibrium concentrations of uranium in the presence of pyrite .

at the temperatures 300 and 360°C are equal to or very close to the equilibrium concentrations of ura-

nium in the presence of simple sulfide minerals and comprise nx 10=% to nx 10~° g/liter. In [2, 3] it
was shown that these concentrations are determined chiefly by the presence of uranium in solution in

hexavalent form.

The author would like to thank R. P. Rafal'skii for his considerable aid and advice in the work.
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THERMODYNAMIC DATA ON THE STABILITIES OF URANINITES
OF V.AR’IABLE COMPOSITION IN SUPERGENE CONDITIONS

A. A, Drozdovskaya and Yu, P. Mel'nik UDC 550, 4:553, 495

The authors give results of thermodynamic calculations of the stabil-
ity fields of uraninites with different oxygen coefficients in pure watér at
25°C and atmospheric pressure, They have also calculated the ionic solu-
bilities of uraninites in aqueous solutions in the absence of complexing ani-
ons at different pH, They discuss the forms in which uranium is present in
solutions, and the stabilities of anhydrous and hydrated uranium oxides.
Finally, they draw conclusions regarding migration and deposition of ura-
nium from natural aqueous solutions in the supergenesis zone.

Many problems of supergene ore formation and of changes in ore deposits in the weathering crust
can be solved by thermodynamic methods, These methods were developed by Pourbaix [1] and Garrels
(2, 3] and have proved very useful for various purposes, e.g,, elucidating the conditions of stable exis-
tence of minerals, determining the ionic equilibrium ratios in solutions, and determining the conditions
in which ore elements are deposited from natural solutions and exogenic deposits formed, Thermody-
namic methods can also be used for determining the solubility of a mineral,

We plotted the stabilities of uranium oxides in water at 25°C and atmospheric pressure versus pH
and Eh, and in some cases Peo, Or ZCO, [2,4]. From an analysis of these we can draw important
conclusions regarding the formation conditions of supergene uranium deposits particularly the uranium
and uranium-vanadium deposits of the Colorado Plateau, However, published reports examine only
equilibria of UO, as an anhydrous solid phase, and of UO,(0OH), x HyO(UO32H,0) as a hydrated phase
with simple or complex uranium ions in a solution, althoughnatural uraninites never contain only U(IV)
and have the general formula UOx, where x (the oxygen coefficient) varies from 2,17 to 2,92 [5].

It is assumed that the uranium-oxygen system contains up to 22 different solid phases, at least 13
of which actually exist and some of which are found in nature [6],

A natural uraninite is probably not a continuous series of solid solutions of UO,4-UO4 but (from the
thermodynamic viewpoint, at least) a stable compound with a fixed x or a value of x varying within cer-
tain limits, A uraninite of intermediate composition may be a mixture of such stable compounds; in
the pitchblende group some investigators distinguish a subgroup with composition varying from UO,_s,to
UO, g7, containing mixed crystals of solid solutions of Uy0y in UOy,and of UO, in U;04 [6].

Reliable thermodynamic data have been obtained [7] for the following six compounds: U, UO,,
UOg,25 UOyg 33, UOy g7, UO;3 [7]. Regular changes in the thermodynamic values (enthalpy, free energy of
formation and entropy) as we go from U0, to UO3 must be reflected in changes of the boundaries of the
solid-phase stability fields, the solubilities and other physicochemical properties of uraninites, In
particular, Rozhkova and Serebryakova [8] have established experimentally a relation between pitchblende
solubility and the UO3/UO, ratio; this enables us to reveal the presence and distribution pattern of
pitchblende varieties by the imprint method (phase analysis),

The new thermodynamic constants obtained for compounds intermediate between U0, and UO4 have
greatly extended the Garrels stability field diagrams and improved their accuracy [2-4]. Furthermore,
we have calculated the solubilities of uraninites with different UO,/UO, ratios in a wide range of pH, In
all cases the analysis was limited to the stabilities of uranium oxides and ions in pure water in total
absence of anions (HCO;, CO%™, SOE', etc, ) which form complexes with uranium in solution,

Translated from Atomnaya E‘nergiya, Vol.21, No.6, pp.483-492, December, 1966, Original
article submitted May 31, 1966.
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TABLE 1, Thermodynamic Parameters INITIAL THERMODYNAMIC QUANTITIES AND
for Uranium Compounds STABILITIES OF THE SOLID PHASES

Compound AZ% keal/mole]  Reference ~ The selection of the thermodynamic quantities
(Table 1) was governed by the accuracy and the method of
the determination, We used mainly values obtained from
. 00y —246.9 (7] X . o .
U035 —256.0 n experimental thermochemical determinations (principally
882'23 2.0 {;{ for anhydrous uranium oxides); the thermodynamic values
g —%75;5 [7] of ions in aqueous solutions are less reliable, The thermo-
83‘;2{’;0 o C,alc[ig ted by dynamic parameters obtained for the uranium hydroxides
U0w2H.0 _308.8 the amors‘ are the least accurate; some of these, particularly in the
U0§-3H§o- ’ —455.5 alculated by case of UO4-H,0 UO,(OH),, were recalculated — we em-
Ub+ —138.5 _ ;e ‘[‘;‘f] ors ployed Brusilovskii's data [9] on the solubility of the
UQH3+ —193.5 {12] hydroxide (the solubiltiy products SP are given in mole/liter)
|
+ —
Uo% o as-4 Hi UO,(OH), 2 UO,0H* +-OH-, SP (=1,35-10"%%; (1)
HUO; —317.6 14]
o e E}Z} UO,(OH), == UO2* -+-20H~, SP ,=6.10"18 (2)
H,01 —36,7 [14] together with parameters for ions from recent reports

(cf, Table 1),
The calculations may be illustrated by the example of (1):

Kp1 = [UO,OH*)[OH | =8P ,=1.35-10"12;

i e
log K, = — (AZ3p-+ AZU(i)zgé{g AZhoyoms _ 14 87

whence the free energy of formation Az%oz(OH) ) = -341,3kcal/mole,

The value of Z! thus calculated from SP, is -337,8 kcal/mole, The mean of these two
. UOZ(OHP ;
values is taken as -339 - 5+ 1.8 kcal/mole,

In calculating the value of AZ%]Oa-:iH o We assumed that this compound coexists stably with UO3-2H,0,
so AZ of the reaction 2

U03‘2H20+ HZOI I—"U03-3H20 (3)
sps X : . 0 = — :
under standard conditions is equal to zero; hence AZU03.3}120 455,5 keal/mole.

If we assume (as in [2]) that AZ is also equal to zero for the reaction

U0;-H,0 + 2H,0; <= U0,-3H,0, )
then AZ%O SHO™ -452.9 keal/mole (Garrels' value of AZgy, for this hydrate, -376.4 keal/mole, is incor-
rect), 87

The accuracies of these indirectly obtained free energies of uranium hydroxide formation are low
and the errors may reach 5 kcal/mole,

The experimentally prepared hydrates of uranium trioxide correspond to the formula UO3'2H,0.
The monohydrate UOy H,O is usually formed when UOy is hydrated in air at 25°C, When the dihydrate is
heated, mixed crystals of the dihydrate and monohydrate are obtained [15],

Various hydroxides with different moisture contents, e.g., schoepite UOs- 9/4H,0 and becquerelite
UOy* 5/3H,0, are found in nature; "uranium blacks" (uranium oxide minerals) also contain a small amount
"of water. Uranium hydroxides are easily dehydrated. According to the authors of [16], even at low
temperatures schoepite undergoes spontaneous dehydration with formation of hydroxides with the formula
UO3(2 — x)- HyO, where x varies from 0 to 1.

To calculate the stability fields of minerals we used the values of AZ%JOa_3 o- However, bearing
in mind the similarity of the thermodynamic values for uranium hydroxides wit different moisture
contents (and that the AZ of the transition of one hydroxide to another is close to zero) the stability field
of UO3"2H,0 can be replaced without appreciable error by that of the hydroxide with variable composition N
UO04'xH,O, where x varies from 1 to 3, ' ‘
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TABLE 2. Reaction and Equations Reflecting Stabilities of Solid Uranium Oxides

AZags, . - |Reaction
Reactions Reaction equation Keal /r::; le Equation Eh=/(pH) No.
- Decomposition of |y 5 _ 3150, 4 0, +7.8 )
variable-composition 20,09 =500, + U,04 v 18.0 — (6)
uranium oxides (an- | UsO7=2U0, +UO, +4.7 — (7)
o 5U307=3U,04 4 U304 —7.5 — (8
hydrous conditions) U305 = U0, 200, +7.6 — 9)
‘ 3U305=U, 094 500, 415.0 — (10)
Hydration and de- L0, +2H,0 =U(OH), +0.6 — (11)
o .1 UiOg+2H,0 =300, + UO;-2H,0 —2.1 — (12)
composition of vari- | 1.0, 1 5520 — 2005+ UOy. 21120 —5.2 — (13)
able~-composition 15308+4H20:1102;2803.21420 —1(2).(2) — Sg
. . ing ©0s+2H,0=00;-2H —9.9 —
uraml'.lm o;f1des‘duf1ng Uog H H2(2)=UO313L120 2 73 _ (16)
reaction with liquid | 1j0, + 31,0 =T103-3H,0 —9.9 — (17)
water
Redox reactions in- | UO,+-3H,0 2 U03-21,0 - 2H* 20 +18.2 | Eh=40.39—0.06 pH | (18)
volving total hydra~ | U,Op-11H,0 2= 4U0;-2H,0 4 6H+ 1 6¢ +52.4 | Eh=40.38—0.06 pH | (19)
tion of variable-com{ U307--8H:0 321{03'%1120 —2:4H‘;+4£ +j’1~1 Eh= -!—0-3§—0~06 pH (2(1))
position uranium U305 + 7H150 2> 3U03- 2H,0 4- 2H+ -1 % +5.9 | Eh=40.13—0.06 pH | (21)
oxides
=20
10, An analysis of the thermodynamic stabilities of the anhydrous uranium
Ik oxides used for the calculation showed that, with the exception of Ug0,, all
-aok Uyl the anhydrous solid phases are stable (Table 2, reactions (5) - (10). This
. K oxide is unstable and at given values of T and p must be converted to a mix-
-5t Uy g ture of the stable oxides U,04 and U303 (for (8) the value of AZ is negative),
2 like the thermodynamically unstable FeO, which decomposes at <650°C into
oor o Fe + Fe304 [17], The metastable oxide U3Oq can probably exist for indefinite
-7k ¢ periods at supergenesis zone temperatures because the rates of solid-phase
reactions under these conditions are very low; the AZ of (8) is also small
-80 and markedly less then the activation energies of such reactions in absence
of a liquid phase, Thus the thermodynamically stable anhydrous solid
Fig,1, Anhydrous ura- phases in the system uranium-oxygen at 25°C and atmospheric pressure
nium oxide stability will be U, UO,, U,0,, U304; the metastabie but possibly kinetically stable
versus log fO2 phase will be U;0,,

The stabilities of anhydrous uranium oxides in absence of water are governed only by the volatility
of oxygen, which is easily calculated for a redox reaction of the type

U0, - ; 0, 2= UOn,m (22)
from the equation relating AZ to the equilibrium constant, In the converted form this equation for (5) is
written as: 1.466
. log fo, = AZ reaction,

mn
Figure 1 plots anhydrous uranium oxide stability versus log f02.

On the Earth's surface in contact with atmospheric oxygen, metallic uranium and all oxides con-
taining U(IV) are unstable and will be oxidized to UO;. Under supergene conditions the relative oxidation
resistances of the different uranium oxides of variable composition are determined not by thermodynamic
factors, but kinetic factors,

If we consider water as an oxidizing agent, in the presence of liquid water at 25°C all these com-
pounds (with the exception of metallic uranium) are stable, i.,e., oxidation of UO, by pure water to U0,
and other higher oxides is thermodynamically improbable, On the other hand, in the presence of liguid
water anhydrous uranium oxides may undergo hydration, It follows from the thermodynamic data that
in liquid water in absence of redox reactions anhydrous UO, (cf, Table 2, reaction (11)) and UO;3"2H,0,
or in the general case UO4'xH,0 [reactions (15) - (17)], are stable; uranium oxides of variable
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composition U0 - U304 are unstable in water at 25° and will be converted to thermodynamically stable
mixtures of anhydrous UO, and the hydrate UO3'2H,0 [reactions (12) - (14)].

Such conversions are not likely to occur in natural conditions because hydration in the supergenesis
zone is usually accompanied by oxidation of Ut to Ut by atmospheric oxygen or other oxidizing agents
[18-20], If hydration is not accompanied by oxidation, solid-phase disproportionation of the oxides
U0, - U304 to a mixture of UO, and UO3*xH,0 is probably so slow at low temperatures that metastable
uraninites of variable composition are retained in the weathering crust for fairly long periods,

In some cases experimental investigations established a marked difference between the manner in
which U4t and Ut+ go into solution when natural uraninites and ore concentrates are dissolved in sulfuric
acid(0.14-1.84 N) the difference increasing with the degree of oxidation of the uraninite {21]. Berman
[22] assumes that when a uraninite with degree of oxidation > UQ,,3, dissolves in 0,4 N H,SO, it undergoes
disproportionation to a phase with a cubic structure, poorly soluble in acids, and an amorphous phase
with a considerable amount of U6+, easily soluble even in dilute acids, Owing to the marked increase
in reaction velocity in a strongly acid medium, reaction of types (12) - (14) may take place in these
experiments, However, we assume that in natural conditions such processes cannot take place with
appreciable velocity in neutral, weakly acid or weakly alkaline solutions, and that uraninites with the
composition U0, - UsOy must be considered as metastable compounds which can exist for virtually in-
definite periods in supergene conditions, -

However, if hydration and oxidation take place simultaneously, uraninites of variable composition
change fairly rapidly. In any case, mineralogical data enable us to draw the indirect conclusion that
the reaction rates of simultaneous oxidation and hydration [cf, Table 2, reactions (18) - (21)] are con-
siderably greater than the corresponding disproportionation and hydration reactions [(12) - (14)].

This conclusion forms a theoretical basis for studying the interrelations between thermodynamicélly
stable hydroxides UO,'xH,0 and metastable anhydrous oxides UsOy, U30q, and U3Oq in liquid water, and
for constructing stability field diagrams, /

EQUILIBRIUM OF VARIABLE-COMPOSITION URANIUM OXIDES, AND

STABILITY FIELD DIAGRAMS

+
In an aqueous solution uranium may be present in four valence states: 3 , 4+, 5+, and 6+. Com-
pounds of tri- or pentavalent uranium are unstable in solution: trivalent compounds are oxidized to
tetravalent compounds by water, while pentavalent compounds decompose as follows: N

2UOF ++4H,0% —> Us* 4 UOH + 6H,0. (23)

Under natural conditions, tetravalent and hexavalent compounds must predominate in low-temperature
solutions,

Compounds of Tetravalent Uranium in aqueous solutions form two stable ions U*t and UOH®t, the
equilibrium between which is governed by reaction (24) of Table 3, It follows from (24) that the form in.
which U(IV) appears in solution is governed only by the pH.

TABLE 3. Reactions and Equations Reflecting Uranium Ion Ratios in Equilibrium

Conditions
Equation for Eh versus |Reaction
Zsse, .
Reactions Reaction equation kcall\ /:;iﬂe glf‘lpoé equilibrium value| "= "
Between Utions U+ H,0 2= UOHS+ 4+ H+ 41,7 pH=1.2 (24)
UO,OH+ - H* 2= 802++ Hzé) —ng pﬁ:/;.g ggg -
644 HUO; + 3H* 2= U0+ +-2H, —32, pH=1.
Between U™ions HUO; 4+ 2H+ 3 UO,0H* -+ HyO —26.7 pH=9.8 @7)
o U+ 4 2H,0 2= UOFF - 4H+ 4 2¢ +15.5 | Eh=-10.34—0.12 pH| (28) ..
Between U™ ions UOHS* 4 Hy0 2= UOZ* - 3H+ 4 2e +13.8 Eh= +0.30—0,08 pH | (29)
and U*ions UOHS* -+ 2H,0 2= UO,0H +4H* + Z¢ 4+19.3 | Eh=+40.42—0,12 pH | (30) -
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TABLE 4, Reactions and Equations Reflecting the Relations Between the Activities of
Uranium Ions and Oxides

) . |Reac~

Oxide Reaction equation AZggg, Eq. for Eh versus ({CJ, pH) or for pH ver tion
kcal/mole |sus [C] No.

U0, | U0,z UOg+-+2¢ _ +10.5 | Eh=+40.2340.03 Ig [UO%+] )
U0, H,0 2 UO,0H - H+4-2¢ 4-16.0 Eh=10.3540.031g {UO,0H+]—0.03 pH | (32)

U0, 4 2H,0 2 HUO; +-3H+ 4 2¢ +42.7 | Eh= +0.93--0,031g [HUO;]—0.09 pH | (33)

U0, -3H* > UOH3+  H,0 —3.3 | pH=10.84-0.33 g [UOH3+] (34)

U,0 U, 09+ 2H* 2= 4U03*+ +H,0 -+ 62 +21.7 | Eh=+40.164-0.041g [UO*]—0.02 pH (35)

U,09+ 3Hp0 2= 4U0,0H*1-2H+46e | +43,7 | Eh=+0.32-+0.04 1g [UO,0H+|—0.02 pH | (36)
U,0p+ TH,0 22 4HUO7 +-10H++-62 | +150.4 | Eh=-+1.09-40.04 lg [HUO;]—0.1 pH 7
U,09+ 14H+ 227 4UOHS*4-5H,0| —33.4 | Eh=+0,72—0.121g [UOH3+]—0,41 pH | (38) .

U;0; | Us07+2H* 223003+ + H,0 4 4e 4+8.4 | Eh=-+0.09--0.041g [UO3*]--0.03 pH (39)
U307+ 2H;0 223U0,0H - H*+-4e | +24.6 | Eh=+0.27+0.041g [UO,0H+|—0.01 pH| (40)

U307+5H,0 2= 3HUO; +-7H++4e | +104.6 | Eh= --1.13-0.041g [HUO;]—0.1 pH 1) -

U3O7+11H* 2 2= 3UOH3* +-4H,0 | —33.3 | Eh=40.72—0.091g [UOH3+]—0.32 pH | (42)

UsOs | UyOg+4H+ 22 3UOF* 4 2H,0 -+ ¢ —17:4 | Eh=—0.3740.09 Ig [UO}*]+0.12 pH (43)
U305+ H,0 4 H* 2= 3UO,0H* + 26 —0.6 | Eh=—0.01+0.091g[UO,0H+]+0.03 pH | (44)

U305+ 4H,0 2= 3HUO; 4 5H+ - %6 +79.5 | Eh=+1,7140.091g [HUO;]—0.15 pH | (45)

U3Og +13H+ 4-4e 2= 3UOH3*+ - 5H,0| —58.4 | Eh=+0.64—0.04 1g [UOHS+]—0,19 pH | (46)

U03-2H,0 | UO3-2H,0 -+ 2H* 2> U0+ L 3H,0 —7.7 pH=+42.81—0.5 lg [UOZ*] @
UO3-2H,0 + H* 2= UQ,0H* - 21,0 2.2 pH= 1.6 1g [UO,0H*] (48)

U0;-2H,0 2= HUO; + 1,0 -+ H+ +24.5 pH= +17.2-Ig [HOO;] (49)

Compounds of Hexavalent Uranium in aqueous solutions form three stable ions UO§+‘, U020H+, and
HUOy; equilibrium between any pair of these ions is governed by reactions (25) - (27) of Table 3, The
form in which U(V]) is present in solution is again governed only by pH (in strongly acid solutions the
UO§+ fon is stable, in weakly acid or neutral solutions the UO,0H" ion, in alkaline solutions the HUO
ion),

The boundaries between the U(IV) and U(VI) ionic stability fields are governed by redox reactions
(28) - (30) (Table 3) and depend on both pH and Eh,

In the general case, in acid solutions with pH< 4 uranium is present as UO§+, UOH**, and U4Y,
the two latter ions being stable only at fairly low Eh. In markedly alkaline media uranium is present in

solutions as HUO; , in neutral, weakly acid or weakly alkaline media primarily as UOZOH'*, UOHY, and
in a few cases as UO§+.

The relationship between uranium oxides and ions is established from thermodynamic studies of
the corresponding redox reactions, Table 4 gives the results of calculations, together with equations
relating Eh with pH and ionic activity. Figure 2 gives diagrams of the relations between thermodyn-
amically stable uranium ions present in equilibrium with UO4-xH,0 and other uranium oxides at a given
overall ionic activity of the uranium in solution, Garrels [3] gives a detailed examination of the method
used for constructing the diagrams: The difference between our diagrams and the conventional one is
that in Fig, 2 several diagrams for each uranium oxide are combined in the same plane; in addition to
the stability diagram of stable UO,, this figure gives diagrams reflecting the interelations between

variable-composition uranium oxides metastable in water, on the one hand, and stable UO3-xH,0 and
ions, on the other,

On the diagrams the boundaries between the stability fields of ions with like charges remain un-
changed, but the boundaries between the stability fields of ions with different charges and those of oxides
and ions vary with the degree of oxidation of the uraninite, The stability field of the hydroxide

UO3"xH,0 also varies regularly with the UO;3/UOQ, ratio in the anhydrous oxide present in association with
the hydroxide,

On the boundaries between the stability fields of any two ions ,. their activities are equal, Within
the stability field of an ion its activity increases with a corresponding decrease in the activities of the
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Fig, 2, Stability of uranium compounds in water versus pH and Eh; (a) total ionic
activity of uranium 1078 t = 25°C; P = 1 atm; (b) total ionic activity of uranium
1073, t = 25°C; P = 1 atm,

neighboring ions, but the overall ionic activity remains constant (ZU=107%g.ion/liter and ZU = 10-3
g.ion/liter in Fig, 2a, 2b). Within the stability fields of the solid phases the overall ionic activity de-
creases,

From these diagrams we can assess the conditions of coexistence of uraninites, oxidized to
varying degrees, with hydroxides of the UO3-xH,0 type and ions, The stability fields of anhydrous
uranium oxides decrease regularly with increasing oxygen coefficient. Therefore, the higher.the degree N
of oxidation of uraninite, the more stable will it be in the supergenesis zone and the more readily will
it go into solution or be replaced by hydroxides of the type UO3-xH,0.

SOLUBILITIES OF URANINITES OF VARIABLE COMPOSITON

In calculating the solubilities of anhydrous uranium oxides we started from the assumption that
theoretically uranium oxide with a given UO3/UO, ratio may be in equilibrium with all the thermodyn-
amically stable ions in the solution. By constructing a system of equations of reactions between the
solid phase and ions and of reactions between individual ions, we can determine the concentration (equal,
to a first approximation, to the activity) of each ion in the solution, and then find the overall ionic
solubility by adding these up. In this connection a necessary limiting condition is the absence of redox
reactions during the process of solution, i.e, the U**/Uf*ratio in the solid phase and in the solution
must remain constant,

The calculations can be demonstrated by determining the solubility of U,0,, We construct a system
of equations including the reaction of the oxide with one of the ions and the interionic reactions in the
solution; we then calculate from thermodynamic data the equilibrium constants of the reactions and find
the equations relating the ionic act1v1t1es (concentrations) and pH:

U,O4 - 10H* 2= UO,0H* -+ 3UOH?* 4 3H,0,AZ = —14.2, lg K, =10.4, 31g [UOH*"]+ Ig [UO,OH*]=10.4—10 pH;

U0 + H,0 2 UO0H* + H*, AZ= +5.5, 1gKp= —4.0, 1g[UO,0H*] —Ig[UO}"] = —4 4 pH; T

Ut L H,0 = UOH3 + H*, AZ= +1.7, 1gK,= —1.24, Ig [UOH?'] —1g U] = —1.24 + pH;
UO,0H* + H,0 2 HUO; - 2H*, AZ = +26./. 1g K, = —19.57, 1g[HUO;]— 1g [UO,O0H*]= —19.57 +- 2 pH.
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To solve this system of equations with five unknowns we derive an additional equation starting
from the assumptionthat the ratio of the overall U(IV) ionic concentration to the overall U(VI) ionic
concentration in the solution is equal to the UOZ/UO3 ratio in the initial oxide, For U 0y

(US+]+-[UOH?] _a
‘IU02+]+[U020H+]—}-[HUO‘] =

Solvmg the system of five equations hy substitution at a given pH, we find the concentrations (in
g-ion/liter) of all ions in equ111br1um with U0, in the aqueous solution at pH 2: [U4 1=2,77:1073; '
[UOH3*] =1,59°107%; [UO}*1=5,18°1073; [UO,0H']=5.18"10"5% [HUO; ]=1.67"10"%, From these data we can
easily calculate the equ1l1br1um concentration of uranium at pH 2 (2.4°10~%g-ion/liter),

By a similar procedure we calculate the concentrations of the individual ions and the overall
uranium concentration in the solution at other pH values, Figure 3 gives the concentrations of all stable
ions in equilibrium with U,0,, :

Figure 4 plots the ionic solubilites of uranium oxides of varying degrees of oxidation versus

solution pH, For solutions with pH<4 the solubility curves are approximate and illustrate only the

' overall pattern; they cannot be used for a quantitative estimate

logC,, _ of the solubility because the errors of the thermodynamic

or method of calculation at dissolved uranium concentrations
>107% - 10~3 g-ion/liter are too great,

\gi From these graphs it is clearly seen that uraninite
-10 -%\ solubility increases with the degree of oxidation, In this con-
: §K nection the relation between the solubility.of UO,, U,0,, and
T\\"\ 1 U30; and pH is almost linear, and the solubility falls markedly
N with decreasing acidity (from 1072-10"% at pH 2 to 10724-10~%
20 gt ﬂ% N at pH 14), The solubilities of oxides with higher oxygen

) y ' coefficients decrease far less with increasing pH, Thus the
& \\\#)Hh solubility of UsOy decreases from 1072 at pH 4 to 1078 at
30 \‘ % pH 14, while with increasing pH the solubility of UO3"xH,0
\ Y05 first decreases by approximately eight orders of magnitude
&0;0#* (RN and then increases by four orders of magnitude in alkaline
\ \ solutions,

<N
T

A
0 \Q For natural supergene water, with medium pH values,

the graph plotting uraninite solubility (at fixed pH) versus
A UO03/UO, ratio is'virtually linear (Fig.5).

_ |
V5§ w17 oA

Fig. 3. Ionic solubility of U 04 in
water at different pH.

logCy, E I I log Cy
0 N Heg |
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Fig. 4. Ionic solubilities of uranium Fig, 5, Ionic solubilites of uranium ox-
oxides versus pH of agueous solu- ides versus degree of oxidation at fixed
tions, . pH,
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SUMMARY

1. The aiithors have deterniined from thermodyhamic data the relation betweeti the stabilities of
anhydrous uranium oxides of variable composition and the volatility of oxygen (foz) at 25°C;

2. It has been found that uranium oxides of variable composition (U409—U308) are unstable in liquid
water in absence of redox reactions, andmay undergo disproportionation to UOZ + UOyxH,0; According
toahypothes1s suggested by the authors, this process is very slow tnder supergene conditions; and
metastable uraninites are kinetically stable,

3. A telation has been established between the stabilities of metastable uranium oxides arid the
UO3/U02 ratio in supergene cond1t10ns ox1de stablllty decreases with increasing oxygen coefflclent In
natural conditions oxidized uranitiites must be converted to more stable hydroxides of the U03 xHZO type.

4, In natural supergene water, of which the pH is in the range 4-8, in abseiice of complex-formers

uranium is present primarily as UOH3+ and UO,0H"; U** and U02+play Iesser roles in thé transfer of
uranium,

5, The solubilities of uraniuni oxides iricrease with the oxygen coeff101ent The relation between
solub111ty and pH differs for the different compounds: the solubilities of oxides with low oxygenh coefficients
decrease markedly with increasing pH; at high degrees of ox1dat10n this fall is less sharp; in the case of
U0y’ xHZO the solub111ty first decreases (minimum solubility is reached at pH 10} and then increases with
a further increase in alkalinity,
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RADIATION AND RADIATION SAFETY PICTURE AT THE SITE
OF THE NOVO-VORONEZH NUCLEAR POWER PLANT

A, M, Petros'yants UDC 621.039.583

Nuclear electric power generating plants are in operation in 12 countries throughout the world
(USSR, USA, Britain, France, Italy, Japan, East Germany, et al.). Data as of January 1, 1966 indicate
the total power generated by these nuciear plants to be 5.9 million kW worldwide, a figure including 1.1
million kW in the USSR. As of January 1, 1967, the total installed electric power capacity of nuclear
electric power generating plants will appproach 9.5 million kW, i.e., an increase of 61% in the course of
one single year, Predictions for 1970, published in several countries, place the total nuclear power
plant output at 24 — 25 million kW by that time, surpassing the January 1, 1966 level by over four times.

This rapid growth in the number of nuclear power plants in regular power production has caused
some alarm in certain sectors of the population, because of the hazards associated with radioactive
materials formed in the operation of large-scale nuclear reactors,

It is well known that radioactive gases and aerosols are vented through stacks to the atmosphere
after undergoing special decontamination procedures, while liquid and solid process wastes contaminated
by radioactive pollutants are shunted off to special burial pits for long-term storage,

The radiation safety picture of nuclear powerplants, as it affects the local population, vegetation,
soil, and watersheds, is clearly seen in the example of long-term operation of the large industrial-
scale Novo-Voronezh nuclear electric power plant (NVNEPP is what follows) in the Central Chernozem
zone of the European USSR, The Novo-Voronezh nuclear power plant has a rated capacity of 210
thousand kW, and is based on a single water-cooled water-moderated reactor which was commissioned
on September 30, 1964, By September 25, 1966, this plant had fed 2 billion 165 million kWh power into
the national power grid (the date refers to the second reloading shutdown). NVNEPP has been brought up
to design power by December 1964, and the power output had been pushed to 240 thousand kW by
January 1966, ’

Disposal of effluent water contaminated by radioactive pollutants into open reservoirs, the Don
river in particular, was completely rejected as an alternative in the plant drawn up for NVNEPP,
Special clean-up installations were built on the power station site and repeated use of decontaminated
waters for power plant production needs was planned for, Air in the ventilation system is specially
purified to remove radioactive materials, and is vented to the atmosphere through a stack 120 m high. The
system designed to trap radioactive vapors and aerosols includes gasholders for hold-up and decay of
short-lived radioisotopes.

Hydraulically insulated burial pits for disposal of radioactive waste solids and liquids have been
built which keep radioactive materials out of the ground water in the area. Several inspection holes have
been drilled around the burial grounds, to detect any leakthroughs and to aid in measures to cope with
them,

A specially organized radiation safety division at NVNEPP monitors radiation safety in the power
station, and readings of all dosimetric and radiometric instruments, sensors for which are positioned
in various monitored rooms and locations around the plant, are entered in a special log book twice each
working shift, :

The radiation level of the ventilated air stream laden with radioactive contaminants is continuously
monitored at the station, A portion of the air is continuously pumped from the base of the stack through
a DZ-20 chamber hooked up to a Kaktus instrument for this purpose at a rate of 60 liters/min. Results
of the measurements are recorded in the division's special log book. Samples are taken at six points

Translated from Atomnaya Energiya, Vol. 21, No, 6, pp.492-496, December, 1966, Original
article submitted September 7, 1966,
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TABLE 1. Radioactive Fallout Density (10 % Ci/km? day)
Based on Sedimentation Methods

Distance from NVNEPP stack, km
Date ‘
0.5 2 4-6 6-12 40
1964
January . ...... o[ 0.15 - - - -
February s+ «e oo 0.5 - - - -
MarCheseeeoeeel 1.4 - - - -
APHili vovevaea] 3.0 - - - -
May «eoueeeeas 5.0 -7 - - -
June s eevevea.l| 14 - - - -
11 % 3.5 - - -
August. . .......] 14 L1 - - -
Septembere ., ... 1.0 0.7 - - -
October........| 0.5 0.4 - - -
November ,..... 0.5 0.4 0.33 0.36 0.28
December ...... 0.2 0.3 0.30 0.29 0.26
1965
January . . ... ... 0.04 0.04 0.05 0.05 0.07
February ....... 0.04 0.07 0.05 0.04 0.11
Marcheovoouonn 0.09 0.07 0.08 0.10 0.15
April ... ... .. 0.16 0.17 0.20 0.21 0.21
May.....oo.. 0.21 0.10 0.20 0.19 0.21
JUNE ¢ ¢ v s v ne e 0.85 0.60 0.60 0.58 0.60
July e e een.. 0.19 0.20 0.30 0.26 0.17-
August. ... ..., 0.29 0.13 | 0.16 0.19 | 0.08
September . .. ... 1 0.08 0.07 0.06 | 0.05 [ 0403
October....e...f 0.04 003 0.03 0.03 0.11
November « .. ... 0.08 0.03 0.02 | 0,02 0.07 .
December ., .....| 0.08 0.06 ! 0.06 0.05 0.06
1966.
January « .. .. ... 0.06 0.04 0.07 0.05 | 0.07
February .. .....[ 0.03 0.03 | 0.03 0.03 0.04
Marche.eooeeos 0.05 0.05 0.04 0.06 0.02
April e e o 0.07 0.03 0.05 0.05 0.05
September . .. ... 0.04 0.04 0.03 0.03 - 0.04
October........| 0.05 0.03 | 0.02 0.03 0.06

*The Novo-Voronezh power station went on the line on September 30, 1964.

from the ventilation duct (exhaust lines) to determine the daily outflow of long-lived aerosols. Fifty
cubic meters of air are pumped daily through FP fabric filters. The total B-activity of the samples

" is determined on a B-2 arrangement using a SI-2B counter, which is housed in a lead castle with walls
5 cm thick. After S-activity has been measured, the sample is subjected to y-ray spectrometric
analysis to ascertain the isotope makeup of the aerosols; a Nal (T1)crystal 70 mm by 70 mm and a AI-100
(Raduga [Rainbow]) analyzer are used in this work,

The staff of NVNEPP now includes a special external dosimetry service whose main assignment is
persistent monitoring of the radiation safety situation over an area 40 km in radius around the power
station. (With the future large-scale building of nuclear power stations, such services will apparently
become combined into a single state agency empowered to inspect and monitor the radiation environment
in the nation as a whole.) Plant workers assigned to this service measure the fallout density from the air
(by sedimentation techniques), the concentration of radioactive aerosols in atmospheric air (by aspiration
techniques) the content of radioactive materials in the soil and in vegetation, in bottom deposits and in
seaweed, in the water of the Don river (which is used at NVNEPP to cool the secondary-loop equipment),
and in the water of open reservoirs. They also monitor vy-radiation over the locality,
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Thirty-three permanent dosimetric posts for sampling, equipped with six pump rigs and 25
planchet-cuvette stands, are located at points on the NVNEPP site and surrounding areas within a 40-km
radius, as aids in solving these problems. '

The positioning of these posts relative to the NVNEPP stack is as follows., One pump rig surrounded
by eight planchet-cuvette stands is placed 500 m from the stack, Eight planchet-cuvette stands are placed
peripherally 2 km from the stack, Three pump rigs and eight planchet-cuvette stands are placed
peripherally 4 to 6 km from the stack, One pump rig and eight planchet-cuvette stands are placed 6 to
12 km from the stack peripherally, One pump rig with a planchet-cuvette stand is situated 40 km from
the stack, The external dosimetry service takes samples of soil and Vegetatlon from all planchet-cuvette
locations around the plant.

Water samples are taken at the following four points on the Don downstream from the plant: 100 m
upstream of the main water intake header, at the discharge header, and at points 100 m and 6 km down-
stream of the discharge header,

Tiss type instruments with EPPV-60 automatic recorders are located at points where aspiration
devices are set up, to'aid in constant logging of y-radiation on the terrain. The activity of samples
taken is measured, after proper processing, in a special radiometric laboratory located outside the
NVNEPP premises and equipped with a low-background device (UMF type), an AI-100 analyzer, and other
instruments. The external dosimetry service uses a truck-mounted radiometric laboratory to take
samples and analyze them at any other points in the region to be covered.

The industrial public health laboratory serving a public health epidemiological station under the
medical and public health section of the Ministry of Public Health of the USSR also conducts sampling and
monitoring analyses to check the status of objects in the external environment of the NVNEPP power
station. Below we cite data on the radiation situation in the NVNEPPdistrict as obtained and processed
by the staff of this station, All radiation measurements were begun 9 months prior to the commissioning

-of the NVNEPP reactor, in order to provide an cbjective assessment of the possible effect of NVNEPP on

the external environment.

Table 1 presents data on radioactive fallout density measured by sedimentation techniques. The
table shows that concentrations of radioactive fallout at the remotest control point (40 km from the vent
stack) did not dlffer from concentrations measured at all other points in the zone monitored, within the

limits of accuracy of the measurements,

TABLE 2. Concentration of Radioactive Aerosols Comparison of 1964 data prior to full-power

(10-16 Ci/liter) in the NVNEPP District, Measured operation of NVNEPP and 1965-1966 data,
by Aspiration Techniques with the station delivering 210 =240 MW to

the grid, shows that radioactive fallout den-

Distance from NVNEPP stack, km sity did not increase in the latter period,
Date remaining at the level of radioactive fallout
0.5 5 40 - existing beforehand. Radioactive fallout
7 ' from atmospheric air which is at all points
1964 ¢ , monitored in the environs of the NVNEPP
Prior to start of power . .
SLALO o n v e . 0.35-2.16 - site is therefore due solely to global fallout,
IV QUATITEL s ¢ o o o s o o 2.1 0.86-2,08 1.6
1965 ) )
T qUArters oo v o nns. 1.3 1.5 1,0 TABLE 3. Content of Radioactive
T1 qUATTEr oo v v e s 3.0 3.5 2.2 " Pollutants in Soil (1078 Ci/kgdry
TIL QUATEEI « o « e o s o s 1.5 1.6 1.5 weight soil) in NVEPP Region
TV quartel. . oo oo o o 0.5 0.5 0.4
Distance from NVNEPP stack, km
1966 Date
JANUATY: + e e o a s oo 0.61 0.51 0.18 0.5 2 I i—s | stz ‘0
Februaryeevoevase 0.55 0.35 0.61
.......... 0.80 0.53 0.34 : :
March : 0.84 0.34 1964 2536380 37 | 57
APril e vveunnnnen 1.13 . . 1965 55 154153 59 5
Mayeooonnonnnas 1.14 0.88 0.78 1966 (May)' 1.6 | 2.1 | 1,6 1.9 2.0
October .« ... coo| o 140 0.30 0.47 1966 (July) | L8110 | 18 0.6
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TABLE 4, Content of Radioactive _ The power station in operation consequently exerts
Pollutants in Vegetation (10 8 Ci/kg no harmful effect of any kind on the surrounding locality
Weight of Vegetation) in NVNEP - as far as radiation environmental factors are concerned.
Region '

Table 2 presents data on concentrations of radio-
active aerosols in the NVNEPP district, as measured
Distance from NVNEPP §tack; km by asPiration techniques.

Date

0,5 2 | a—g | 6_12 | 40 - The tabulal:ed data show that concentration of radioactive
: aerosols inatmospherir air remain at the background level and

1964 ... .. 3.4 ] 2.5 |27 28157 are due solely toglobal fallout. The 1964-1966 concentra-
965 ... .. 1.8 [ 1.5 | 1.7 1 1,8 | 1.9 . £ radi . 1s in th ot

1966 (April) - 12 06los]|o7] oy tions of radioactive aerosols in the atmospheric air over a 40-
1966 (August) 1.0 ) 1.8 | 0.9 | 1.3 | 1.1 km radius around NVNEPP remainpractically constant, with

no increase in amount over the previous period when no power
station was in operation. Similar inferences can be drawn from Tables 3 and 4, where data on the content
of radioactive materials in soil and vegetation in the NVNEPP site and surroundings are tabulated,

In 1965, the industrial public health laboratory of the public health and epidemiological station of
the USSR Ministry of Public Health conducted monitoring tests on the content of radioactive pollutants in
agricultural crop plants raised in the zone of the NVNEPP site area protected by public health measures.
It was found that the total B-activity of radioactive materials amounted to anywhere from 9.9- 10 © ¢o
1.7-10 8 Ci/kg (weight before drying). Comparison of 1964, 1965, and 1966 data shows that the content
of radioactive pollutants both in soil and in vegetation in the NVNEPP area and surroundings did not in-
crease over the period prior to commissioning of the power station, and are even found to be on the
level of background values.

Data on the content of radioactive pollutants in the waters of the Don river are of particular in-
terest (Table 5). Here the results of monitoring analysis of samples of water taken from the cut-off of
Don river and measured by the industrial public health laboratory of the public health and epidemiological
station of the USSR Ministry of Public Health indicate that the 1965 content of radioactive contaminants
fluctuated between 1.75- 10 2 and 0.91- 10 1! Ci/liter, while the 1966 content fluctuated between 7.45.10~12
and 1.52-10 " Ci/liter. Measurements conducted by the Institute of Biophysics of the USSR Ministry of
Public Health put the 1961 concentration of S-active substances in the waters of the Don river at 9.0 10-12
.Ci/liter. Analysis of these data reveals that the content of radioactive pollutants in the Don waters in the
vicinity of the NVNEPP site did not increase over the prereactor period, and are on the same level as
background. The same inference can be drawn from measurements of the amount of B-active substances
present in Don bottom sediments (Table 6). :

TABLE 5. Content of Radioactive Contaminants in Waters of
the Don River (10”12 Ci/liter Water)

Sampling point

= ) Y E
g 3 5 £ o
E = ,?:) "6 [ S -;%
Date 5 ,;% ?2,0 & % 2 3

eS| 3 B2 | gB8

S 2 a a & .

2 2 i R = 8 B

5 2 < S G © B 0

1964 (before power station

went on lin€ e « « o o o 8.0 8.7 14.0 8.0
1964 (December) + o o » » o 5.8 4.8 7.3 13.0
1965 (first half year). . « . 7.5 10.0 20.0 8.0
1965 (second half year) . . 9.0 104 6.4 8.0
1966 (May)e s e ovosend 9.5 10,0 8.0 8.1
1966 (OCtober)e o o o # ¢ « 5.6 20.0 6.4 3.4
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- TABLE 6. Amount of g-Active Pollutants in Bottom Deposits of the River Don

(10 8 Ci/kg)

1964+ 1965 _
Sampling point 1st half” July -Sep- 1st half 2nd half llliffG' e:::t
year tember year year y
100m upstream of discharge conduit. ... . . 3.7 1.2 2.3 1.4 2.2
At discharge conduite s + v v ¢ e svs .44 .. | Not monitored, since 3.1 242 2.3
NVNEPP wa'[s not operative
at that time .
100 m downstream of discharge conduit . . . . 3.7 14 1,5 1.2 1.05
Lake at the town of Novo-Voronezh . . . .| Not monitored, for same 1.0 0.8 0.6
reason as above

* Institute of Biophysics 1961 data indicate the amount of 8-active materials present in the Don river came to

3.5'10 ® Ci /kg.

The results of all these measurements provide incontrovertible evidence that the concentration of
radioactive pollutants in the air, water soil, vegetation, and other objects of the external environment
remained at completely safe background levels through the period of operation of the Novo-Voronezh

neclear power station (1964 —1966).

These facts and figures are convincing evidence that nuclear electric power generating stations are
no more of a hazard to the public and environment that any other industrial installation, when the proper

radiation safety measures that have been carefully worked out are observed. The extended experience

of the Soviet nuclear industry and power industry, exemplified in particular by the operating experience
at NVNEPP, shows that when these rules and regulations are duly observed, the use of nuclear reactors
at electric power stations to generate electric power is perfectly safe with respect to radiation, at any
points where the station may be sited, and even on such major waterways of the country as the Don river,

Declassified and Approved For Release 2013/03/12 : CIA-RDP10-02196R000700040006-8
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ABSTRACTS

ANGULAR DISTRIBUTION OF MULTIPLY
SCATTERED BETA-RADIATION

L. M, Boyarshinov UDC 539.124:539.121,72:543.,52

The angular distribution of multiply reflected
radiation generated when the source is placed lateral-
ly in the spacing between two slabs aligned parallel
(Fig. 1) was studied at different distances p between \
slabs. A BFL-25 end-window counter was used in
the measurements,

30

When the distance between slabs is small, the
angular distribution of multiply reflected radiation /
peaks twice at angles o of 120° and 90° to the surfaces
of the reflectors. When the spacing between slabs is
greater than 3,0 cm, there is only one peak, at @=90°
(Fig.2). An explanation is given.

\

S

It is proved that when an annular source is ]
employed at any spacing between slabs, radiation
emerging normal to the surface of the second refiec-
tor is recorded preferentially, This conclusion must / \ \
be taken into account in the design of instruments for ] f
radiometric analysis of mixtures and compounds by \

\

1g-g, counts/sec

e

[4
/

measuring the intensity of multiply reflected radiation. . // \

>,

™~

NP W g A d o é;/// \\ 38

i
455 135° / "4'|7
30% 150° 4 7.0
5 w6 7 0 15 30 45 60 75 90 105 120 135 150 165 180
. _fa ' a, deg
B s
2 \ / p=3.0 CMp =3 §cm Fig, 2, Angular distribution of intensity
Yozrzk Z L L of multiply reflected radiation I as a
7<2722zzz,:z;_zzp:z(zi/zxzzz/sz-zzzzzzzzz p y B-B

function of spacing p between slabs.

Fig. 1. Experimental arrangement: 1) bot-
tom lead slab; 2) source case; 3) TI1?%
source; 4) lead hemisphere; 5) BFL~25
end-window counter; 6) shelf supporting
lead hemisphere; 7) top lead slab (bro-
ken line indicates possible trajectory of
electron recorded),

Translated from Atomnaya Energiya, Vol.21, No.6, p.497, December, 1966, Original article
submitted December 12, 1966.
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CALCULATING TEMPERATURE DISTRIBUTION IN FUEL

ELEMENTS OF A WATER-COOLED WATER-MODERATED
POWER REACTOR

G.V.Sinyutin ' UDC 621.039.517.5

An analytical solution is given of the problem of temperature distribution in fuel elements placed
in the core of a liquid-cooled reactor, with fuel assemblies consisting of several fuel rods joined by
metal inserts. An example of temperature distribution calculations is provided.

The problem reduces to the solution of the heat-conduction equations, one of which is inhomo-
geneous with boundary conditions of the third kind applicable to two cylinders joined at their end surfaces.

The equations are solved in cylindrical coordinates (r, z) using the following boundary conditions:
equality of temperatures and heat flow values in the plane where the rods are joined (z=0):

Ty(r, 0)=Ty(r, 0), (1)

MZ2(r, 0) =022, 0); (2)

9z

heat-transfer conditions on the rod outer surfaces (r =R):

ZU(R, )= —LT(R, 2), (3)
P2 (R, 2)= — o (R, 2). @)

Here T(r,z) is the temperature; XA is the thermal conductivity; £ = a/A; « is the heat-transfer coef-
ficient; the subscript 1 refers to portions of the rod containing uranium (the heat source), subscript 2
refers to portions of the rod containing no heat source,

- The principal difficulty in solving the problem is the variable r in Eqgs.(1) and (2) and the variable z
in Egs. (3) and (4). But it canbe shownthat the sum of terms containing z in Egs.(3) and (4) vanishes. This
leads to expressions of the type

100

1000

T

\ | T(G2)e—T
& |
by ao\ AN : 800 |
N |
bl \ \ | 00 '
W 6 NN 600§ | /
= \ \ | 3 600 i
NS | R
40 AN 400 = ! /
S — l 40 |
\?: | \\Cf 7 i
W 20 N2 20 {

4 Q 200 /y

Ri_tp
g 7 2 3 ¢ fmm P |
-4 14 5 0 75 Z,mm
Fig. 1. Radial temperature distribution '
at various rod cross sections: 1) Ty(r, Fig, 2. Axial temperature distribu-
z=0); 2) Ty (r,z=0); 3) Ty (r,2 =w); 4) ‘ tion, UO, rod type element with
Ty (r, z=-2). : zirconium insert,

Translated from Atomnaya Energiya, Vol.21, No.6, pp.498-499, December, 1966. Original
article submitted December 14, 1965.
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Wy (MR) =870 (A, )
where J,, Jy are zero-order and first-order Bessel functions of the first kind respectively.

Equatlons (5) define the infinite spectrum of eigenvalues of the parameters 14 and 7y: 74 = n i

Ny =M} i=1, 2 3 ... (i here is a superscript for notational purposes, not an exponent). The solution’
is then

w .
i
Ty (r, 2)= D) Cilo(nine 4'2‘ r2; _ , (6)
i=1

o 1 i _ni .
9= Die (nir) 6”20 0, 0

where Cj and D; are constants; z, is half the length of an insert; w is the volume density of heat sources
in the uranium; the constant

A:“’

¥ opeg ¥
R+27\'§1R.

The functions A—(w/4A 1)r and J o('fﬂzl’) can be expanded in series of Bessel functions with respect
ito the spectrum 77} (Dini series)*.

Now, by substituting Ty(r, z) and T,(r, z) from Egs. (6) and (7) into Egs. (1) and (2), and then
replacing these functions by their Dini series expansions, we can find the relationship linking C and D,
after some transformations:

C;n*z D; 2]2 _021];;’0) Ymis m=1,2,3, ..., (8)

where
| 2 [niJo (R) Ty (iR) — o (N3R) J4 (W) )
Vi =T D e — ()] 15 () T (P R)] _.

To determine Dj we obtain an infinite system of inhomogeneous linear algebraic equatlons with
constant coefficients

= V Diap;, m==1,2, 3, ..., (10)
1:1
where
' o et ()2 ()] Ty O R) =2y R (7 R)
T 2 () R I3 (pR) 75 () A0)] ’ (11)
.- N A '|'|‘i
7 apiz 25 2
Ami == Ymi l (1 "ll" e "z 0) - 7\,11];2 (1 _(’ "l 0)" . (12) ’

By way of illustration, Figs.1 and 2 give the results of a temperature- ~-distribution calculation in a
uranium dioxide fuel element with a zirconium insert. The coolant temperature was assumed zero in
the calculations.

* Cf N. N, Lebedev, Spe01a1 Functions and Their Uses, Moscow, State tech, lit, press, 1953
[in Russian].
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HOW TO MEASURE THE ACTIVE CONCENTRATION OF

AEROSOLS OF LONG-LIVED a-ACTIVE ISOTOPES
WITH A SCINTILLATION SPECTROMETER ‘

V.P,Grigorov : UDC 543.52:541,182.2/.3

A new variant of a method for measuring the active concentration of aerosols of long-lived a-active
isotopes (Pu?®?, to be specific) without holdup to allow decay of radon and thoron daughters (RaC', ThC,
ThC'), is described. a~emission of a sample of aerosol matter is recorded with a scintillation spectro-
metric probe and a two-channel pulse height analyzer, The compensation channel handles the short-lived
isotope portion of the spectrum, to account for short-lived nuclides affecting the counting channel and
characterized by the coefficient F,

Aerosol particulate sedimentation methods are evaluated, and a new thin-fiber filtration material,

LFS-1, is studied and utilized, A spectrometric c-probe with a CsI(Tl) scintillator was designed and its
performance was studied.

Basic factors responsible for systematic errors in measurements are classified: spurious readings
(changes in the physicochemical and radiation properties of aerosols, instability of the equipment used,
etc,). Analysis of instrumental spectra computed by matrix methods provides determinations of the size
of spurious readings and a basis for recommending measuring conditions to minimize these factors, The
effect of variations in the activity of ThC and RaC' is eliminated by setting discrimination levels such that
the compensation factor F will be unity, independently, for the spectra of these nuclides (Fig.1). The
effect of variations in air dust load is minimized by use of a collimator,

The size of spurious readings due to the total effect of the factors enumerated is ~ 1-10-1% Ci/liter,

The method proposed has been carefully checked experimentally and has provided a basis for the
design of several aerosol radiometers in industrial use.

Rac
40
Q
E 7
S 30
g 2
>
3 3
20 '
o The / 4‘\
2 Counti Com-~ - L
Em . ‘cgannléllg ig‘gg‘t ! \
: '\\chan; 2
. i : nel4-|L
BVALY &
et < 1=

20 a0 40 50 &0 70

v Designation of analyzer channel

- Fig.1. Calculated spectra of pulse heights

_ (using collimator) at different filter cake

* thicknesses (mg/cm?: 1) 0.16; 2) 0.28; 3)
0.4; 5) 0.8, Broken line gives recommended
discrimination levels,

Translated from Atomnaya Energiya, Vol, 21, No.6, p.499, December, 1966, Original article
submitted May 6, 1966. '
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LETTERS TO THE EDITOR

AZIMUTHAL DRIFT OF CHARGED PARTICLES IN
AN AXIALLY SYMMETRIC MAGNETIC FIELD
WITH MIRRORS

V. M. Balebanov and N. N, Semashkq . UDC 533.9

From the equations of motion of a charged particle in a mirror trap with a static axisymmetric

magnetic field, we can, in the drift approximation, obtain an equation for the angular drift velocity
(see, for example, [1]):

‘b“ Tohg = F (a0, Z) W

where m is the mass of the particle, e its charge, v the total velocity, c the velocity of light in vacuo,
h, the intensity of the magnetic field at the point of injection (in the median plane), and F(¢y, z) a func-
tion depending on the angle of injection a; and the configuration of the magnetic field on the axis of
symmetry, h(z). The expression for the azimuthal drift period time taken to drift through an angle
2 1) is correspondingly ‘

_hme Ry 1 (2)

h,0e! \

—

\ ‘ . (where E=mv?/2 is the total energy of the particle).

150 +— \ ' \ For constant magnetic field configuration and given in-

jection angle, (2) implies the well-known relation T4, «1/pgv,

where p; = (mvc/ehy) cos «, is the initial value of the Larmor
0 20 40 60 80 Zem

0

radius. Note that (2) was derived in the drift approximation,
and is valid when the adiabaticity parameter §=(Vh/h)p «<1.

A

50

By observing the value of Tdr during several hundreds
or thousands of reflections from the magnetic mirrors, we
can find the Larmor radius p, and hence the parameter g at
which deviation from drift theory is observed.

Fig.1. Configuration of magnetic field
on axis of apparatus. : For this purpose we studied the drift of electrons in
a magnetic field like that of the "Ogra-1" mirror machine [2]

Tig.2. Oscillograms of electron currents at receiving electrode of injector (distance be-
tween peaksis equal to time of drift through angle 2 7). (a) Scanning duration 50 pusec, py=
3 cm; (b) scanning duration 25 usec, py=4.8 cm.

Translated from Atomnaya Energiya, Vol.21, No.6, pp.500-501, December, 1966. Original
article submitted June 23, 1966.
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tdr,1. # sec '  Tarn/Tar
: 13 “7

meoo A
fii=e prass

\.\\%/3 7'07 2 3 4 £ 7 & n
” \Q& 4 Fig.4. Relative variation of Tdrs

versus number of drift revolu-

| -4

oy

3 \\} \ tions n. 1) py=6.1 cm, fmax=
\ \\ T 0.25; 2) po=5.0 cm, Bmax= 0.20;
' e =3.1 cm, fmax=0.12.
= pa=s . i
0 7 7 3 E, keV
Fig.3. Drift time 7qyr.q ver- in conditions of optimum positive drift (drift directed to-

sus total energy of electron,
E, for various values of h;
(Oe). [Solid curve is drawn
from (2) for 74y.; normal-
ized to value hy=105 Oeand
E=1keV (p3=0.95 cm, Bmax
=0.038)]. 1) 105; 2) 87.5; 3)
70; 4) 52.5; 5) 35.

wards the direction of the Larmor rotation). The mea-
surements were made with EMO-3 apparatus — an
electronic model of "Ogra" with scale coefficient 1:7
[3]. The electrons were injected in the central plane of
the trap. The angle of injection was 20°; the field con-
figuration remained constant when h, was varied, and
is shown in Fig.1 for one value of hy. The method of
measuring the azimuthal drift period of the electrons
is similar to that described in [4]: it consisted of in-
jecting an electron beam in short pulses (lasting 0.5
psec) and measuring the duration of their motion in the trap before falling ontothe injector. Tothe frame of the
source was fixed areceiving electrode inthe form of ahemicyclinder. The time constant of the electrode and
measuring circuit was quite small (RC =5.10-8sec). The signal from the rec eiving electrode was amplified by
an USh-10 amplifier and recorded by a DESO-1 oscillograph. Inthese experiments the energy of the electrons
was variedfrom 0.3 to 4.5 keV, andthe magnetic field intensity inthe central plane from 35 to 105 Oe, cor-
responding to initial Larmor radii from py=0.52 to 6.1 cm (B, ,x=0.02-0.25). The injection radius was 7.2cm.

Figure 2 shows typical oscillograms, from which we determined the period of azimuthal drift of
the electrons. Here the first peak corresponds to electrons incident on the injector after the first re-
flections from the mirrors (due to the small drift angle of the particles after one reflection in com-
parision with the angle of "intersection" of the orbit with the injector). The distance between two neigh-
boring peaks on the oscillogram corresponds to the time of drift of the electrons through an angle 27
(the drift period). In these experiments we observed up to 11 peaks. In most cases, Tdr remained con-
stant during all the observed drift periods (except for experiments with large Larmor radii). The errors
in the measurement of 74, were approximately 5%.

Figure 3 plots the drift time 74,.4, measured from the difference between the first two peaks, ver~
sus the total energy of the electrons for various values of hy and constant F(ag, z). It will be seen that
the measured values of 74y.; corresponding to the first drift rotation through angle 2n agree with (2)
over the entire range of measurements.

However, when pg >3 cm (8,5 > 0.12) we observed a gradual increase of Tgr with n (the number
of drift revolutions) (Fig.2b). In this case, the greater p,, the faster did Tdr increase with n (Fig.4).
When py=6.1 cm (Bmax=0.25), after five drift revolutions (~ 100 reflections from the mirrors) dr
increased by 30%. This is apparently associated with an increase in the cross-sectional component of
the velocity, v,,'i.e., with an increase in the magnetic moment of an electron.

Thus it follows from our experiments that the drift time of the electrons, when p, < 3 cm (Bmax
< 12%), shows satisfactory agreement with drift theory in the first thousand reflection from the mirrors.
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However, even with such a_relatively small number of vibrations between the mirrors, deviations from
drift theory are observed for large Larmor radii (py > 3 cm, fByax > 0.12). '
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THE 300-MeV ELECTRON SYNCHROTRON OF THE
TOMSK POLYTECHNIC INSTITUTE

P. Anokhin, A. G. Vlasov, A. A. Vorob'ev, UDC 621.384.612
N. Eponeshnikov, I. A. Gabrusenko,

N. Kalinin, L. G. Kositsyn, V. A. Kochegurov,

N. Kuz'min, G. A. Sipailov, B. A. Solntsev,

I. Tolmachev, and I. P. Chuchalin

<<

In March 1966 a2 300-MeV electron synchrotron was put into service at the Nuclear Physics
Research Institute of the Tomsk Polytechnic Institute: it was subsequently found convenient to use it for
research in nuclear physics. '

The work envisaged in this field for the near future falls into two categories: investigation of the
cross sections of nuclear photo-effects, and of the photoproduction of pi~mesons from light nuclei.

Figure 1 shows a general view of the equipment. A characteristic feature of the synchrotron is
the deep frequency modulation of the accelerating voltage, as the electrons are injected with an energy
of 250 keV,

The electromagnet of the synchrotron consists of four quadrants separat'ed by linear gaps of length
0.6 m. The magnetic circuit consists of 24 blocks with C-shaped cross section, with the gap on the
outer side. The radius of the orbit in the quadrants is 0.95 m, and the coefficient of decrease of the
field is 0.65.

The total weight of steel in the magnet is 14.7 tons, that of copper is 1.5 tons. The synchrotron
operates in pulses with recurrence frequency 1 sec-!. The electromagnet is excited by discharge of a

. Fig.1. General view of 300-MeV synchrotron.

Translated from Atomnaya Energiya, Vol.21, No.6, pp.502-503, December, 1966. Original
letter submitted August 1, 1966.
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battery of capacitors. The current amplitude in the winding is 758 A for a 8.7-kV voltage. The poten-
tial across the capacitor battery is stabilized to within + 0.5%. To reduce power consumption, provision
is made for recharging the capacitor battery from the electromagnet. '

The injector is a two-electrode accelerator tube fed by pulses from a 250-kV transformer. The
transformer pulses are rectangular, the stability of the flat part being not worse than 0.07%.

From the accelerator tube, the beam passes through the injection channel to the vacuum chamber,
and is extracted parallel to the orbit by means of an electrostatic inflector located in the linear gap.
Owing to the relatively low injection energy, the frequency of the accelerating field at the beginning of
an acceleration cycle has to vary from 28.2 to 37.5 Mc/sec in about 300 usec. To this end the entire hf
channel is divided into two. The first channel operates during synchrophasotron acceleration, and
changes the accelerating voltage frequency from 28.2 to 37 Mc/sec. Since the operating time of this
first channel is short, it is based on GI-14B pulse tubes which can develop sufficient power in the re-
quired frequency band. .

The first channel consists of a frequency-modulated generator of about 3 kW power, and an amp-
lifier which gives an output power of the order of 6 kW. Frequency modulation is achieved by varying the
inductance of the generator coil. This coil is wound on a ferrite ring and placed in the gap of a special
electromagnet. The value and form of the excitation current of this electromagnet determines the mod-
ulation program. This scheme yields a marked reduction in modulating current and simplifies the
circuits for shaping it. '

Both stages of the first channel are modulated by a rectangular anode pulse: the output stage is
switched in later, so as to attenuate transients occurring when the autogenerator is switched in.

The second channel is operative during the greater part of the acceleration cycle, and gives an
accelerating voltage with an amplitude of 1100 V and a frequency of 37.5 Mc/sec. Particle losses during
the transition from synchrophasotron to synchrotron acceleration are negligible. The accelerating
structure consists of paired toroidal resonators. The transmission band of one of these is broadened by
shunting its resistance.

To reduce the sizes of the resonators, each of them has lumped capacitors. The Q-factor of the
wide-band resonator is 4,that of the narrow-band resonator is 160.

The resonators are close together, and therefore, to reduce coupling between them, their fre-
quencies are widely separated (30 and 37.5 Mc/sec). To avoid energy losses by the electrons owing to
interaction with the narrow-band resonator during the transition from synchrophasotron to synchrotron
conditions, a frequency change is provided from 37 to 37.5 Mc/sec.

At present the individual units of the synchrotron are being developed and their stability improved.
In future it is hoped to increase the pulse recurrence frequency.
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COEFFICIENT OF CAPTURE OF PARTICLES
IN AN ACCELERATOR

A. S. Bakai UDC 621.384.6

The region of stable motion of particles in an accelerator or storage device is delimited by the
phase surface of the energy-phase separatrix — an integral curve passing through a "saddle" point. If
there is friction or a gradual secular change in the particle energies, the separatrix is not a closed
curve (see Fig.1) but marks out a family of phase trajectories (in the figure, the region occupied by these
trajectories is left unshaded), tending asymptotically to the equilibrium trajectory which corresponds
to the focus @ in Fig.1.

In calculating the coefficient of capture, we usually determine the ratio of the number of particles
which at the moment of injection fall into the phase oscillation region 0 to the total number of injected
particles, However, this does not allow for those particles which at first fall into the unshaded part of
the phase surface above region 0, but after a time reach the latter region, Such particles sometimes fall
into the accelerating phase of the hf field, sometimes into the decelerating phase, and do not, on average,
receive energy from it. After a time, therefore, the energy of such a particle, owing to losses by ra-
diation and increase in the equilibrium energy (in the accelerator), will become equal to the equilibrium
energy. Capture of the particle by the accelerating field will depend on its phase at this instant, As will
be seen from the figure, the initial conditions leading to phase trajectories in region 0 are closely inter-

"leaved with those which do not lead to such trajectories. It is therefore natural to determine the pro-

bability that a phase trajectory which begins above 0 will ultimately be inside 0 —the relative sizes of the
unshaded areas. This probability has been calculated [1].

Sayasov and Mel'nikov [2] obtained a more accurate value for the coefficient of capture by allow-
ing for the effect of changes in the particle energy during acceleration on the shape of the phase oscil-
lation region 0; however, they did not allow for the possibility of capture of particles injected into the
part of the phase surface lying above 0.

The equations representing the energy and phase of the
particle, after linearization with respect to energy and averaging

3 over rapid alternations, take the following form {3]:
% " E=g(c0s0—cosO,)—TE; | (1)
' A 15— Igg
5 b=af, =171
fr where Eg and 0g are the equilibrium values of the energy and
et phase, while the coefficients «, €, and I" depend on the particular
. o 0 type of accelerator or storage device. For an accelerator they
% A are not constant but depend on the particle velocity. For relativistic
particle velocities or in storage devices, their variation is negli-
0% gible, and the coefficients in (1) can be taken as constant.
y1s44. Z
& Let us introduce a new variable,
G:%acz—s(sin9~ecos93), (2)
Fig, 1, General appearance of -
phase picture in the energy- so that, by (1) and (2),
phase plane (the heavy line . Lo )
shows the separatrix). : © o= <? a— aF)EZ —€ (sinf—08cosBy). 3

Translated from Atomnaya Energiya, Vol. 21, No.6, pp.503-504, December, 1966. Original
article submitted April 5, 1966.
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We can easily verify that the equation ’
» 0(0,;);const
represents the integral curves of (1) when '=&@=¢€ =0.

If the injected particles are uniformly distributed in energy in the range £, < £ < £, and also in
phase, then for the coefficient of capture n we get

_Zs S5 TptWem (g —
, 1= "=t =G5
Here Zg is the area of the unshaded regions of the phase surface (Fig.1) enclosed between the lines

§‘=§1 and £ =&,; T is the area of region 0; 6§ is the maximum value of ¢ in region 0; and W is the pro-
bability that a trajectory which begins in the région £ > 6¢ will after a time find itself in 0,

%) (5, < — 6%). | (4)

It can be shown [1] that W is given by |

2Ac

:2necoses—}—Ac“; Ao = S o dt, . (5)

where Tg is the phase oscillation period, given by

Ty=2 (sa)_l/2K< m) .

2

Here K(¢) is the complete elliptic integral of the first kind. Integral (5) and the expression for the co-
efficient of capture take an especially simple form in the practically important cases of relativistic
injected-particle velocities and of storage devices, where the coefficients in (1) can be regarded as’
constant. In these cases, '

G =—aTt
and

Loy

'E‘ 5. .
Ac:. { &dt|=‘§&j§—‘=|r§§d0|=%1‘zo. 6
0 8 $
Here the integration is performed along the upper branch of the separatrix, which has an equation of the
form : _ : _
(8, &) =0 (—0s, 0).
Thus, by (4) and (6), we find that

o Z 4nl (£, —OF) : (7)
=gty L T et i 1E )

The second term in the square brackets in (7) allows for particles which have been injected above the
phase oscillation region 0, but ultimately find themselves in this region.

From the above expression we see that the injection conditions must be chosen so that the lower
bound of the injected-particle energy shall coincide with the lower bound of the phase oscillation region,
i.e., sothat £,=-6¢, In addition, the number of captured particles injected into the region -6§ < § < 64
may be less than the number of captured particles injected into the region £ >6¢, i.e.,

Zo

fmse <W-

In this case it is reasonable to choose the injection conditions so that

Lo > 0L.

Note that limitations on the capture coefficient may arise owing fo other degrees of freedom of
the particle; for example, radial motion in cyclic accelerators or storage rings. The radius of the
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trajectory of a particle increases as the energy rises, and when the energy deviates sufficiently from the

equilibrium value the particles will collide with the wall of the vacuum chamber. Thus in storage de-
vices where it is desired to attain short accumulation times of the required currents, and thus rela-

tively high capture coefficients, it may be advantageous to make the width of the magnetic track such
that the particles with energies above the equilibrium value will not fall on to the wall.-

‘The author is grateful to G. Ya. Lyubarskii for helpful advice.
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STABILIZATION OF LONGITUDINAL INSTABILITIES IN
STORAGE DEVICES BY MEANS OF A FEEDBACK SYSTEM

E. A. Zhil'kov and A. N, Lebedev UDC 621.384.60

It has been shown [1, 2] that under certain conditions a charged azimuthally uniform beam circu-
lating in a storage device may develop unstable longitudinal density fluctuations. Taking as an example
the so-called "negative mass" type of instability, we shall consider the possibility of stabilizing the
beam by means of an electronic feedback circuit.

Following the notation of Kolomenskii and Lebedev [1], we shall represent a system of logitudinal
oscillations in phase space by means of the kinetic equation

) om0 Ry P oF,
o ou (14 20w ) 2o e (8, 1), (1)

where f(w, 4, t) is the deviation of the distribution function from the equilibrium azimuthally homoge-
neous value Fy(w); w is the deviation of the pulse from its mean value, < is the generalized azimuth,
and i is the logarithmic partial derivative of the frequency of rotation wy with respect to the energy
Ey (the subscript H denotes. the value at the storage orbit of the particles, which has radius Ry). The
quantity € (&#,t) is the sum ofthelongitudinal electric field of the space charge,

—+oo
% o= | fG, 0 dwy y =2 @)

Y = nee

’ A
& (0, )= — R“‘;Z ip=

(where A~1 is a geometrical factor depending on the shape of the chamber [1]), and the electric field
of the feedback system ¢".

Let us suppose that the sensor of the stablization system is located at the point 4 =0, and acts on -
the linear density p of the beam at this azimuth, and that the amplitude characteristic of the feedback
circuit is linear. If the azimuthal distribution of the field ¢ " is represented by a function §(), normal-
ized to unity, then for the Fourier harmonic p, % ~ exp i(wt-ks#) we have . “

& (0, k) = eK (0) ¥ (k) p (0, 9) |y, = ¢K (@) b (k) k;() o (@, &), )

where the function K(w) is the frequency characteristic of the feedback circuit.

Combining (2) and (3) with the solution of the kinetic equation (1) in the usual way, we get a dis-
persion relation

2Ak

(©) F Y Jr(e) =0, (4)
20 1+— Rty I (w) :

of which the roots wp determine the asymptotic behavior of perturbations to the density. The quantity Jk
is related to the equilibrium distribution function

Ty () ‘=+§°[“ ® — kg <1+azr ‘*’*ﬁ:f’” ) 1™ 2o gy, (5)

—

where the integral is taken for a value of w lying in the upper half-plane and is extended analytically to
the lower half-plane. If the stabilization system is switched off, i.e., if K(w)=0, the dispersion relation
becomes the usual expression [1], because the denominator in the sum in (4) must become zero. In

this case the stability is determined by the ratio between two parameters, A/wy — half the relative

Translated from Atomnaya Energiya, Vol. 21, No. 6, pp.505-506, December, 1966, Original
article submitted March 3, 1966.

1210

Declassified and Approved For Release 2013/03/12 : CIA-RDP10-02196R000700040006-8




Declassified and Approved For Release 2013/03/12 : CIA-RDP10- 02196R000700040006 8
scatter of the particles in rotation frequency, and

ArgNox ‘ ' (6
E= — ’0Y32n €1 (ro__ m62> (6)

which characterizes the space-charge's influence(N being the number of particles in the beam). If
Az/wh<g we shall get a "negative-mass" type of instability, so called because when >0 the quantity’
&, which in the phase equation plays the role of the effective mass, must be negative. Note that in
this case the roots of the dispersion equation wp lie on the complex plane near to the points nwy cor-
responding to equilibrium motion. '

At frequencies where the amplification coefficient. is not too great, the roots will as before lie
in the neighborhood of the points nwy, and therefore in the sum in (4) we can leave only one resonance
term,. and the dispersion equation will take the same form as for the case of a free beam, but with §
replaced by £':

g=t[1—M@mo) LT,

M (o)=L g (o).

(7)

Note, by the way, that the second term in the square brackets has the meaning of a proportionality coef-
ficient between € " (w,n) and & ! (w,n), i.e., the field-amplification coefficient. When we use (7) we
must have [M¢]«1, for only in this case will the roots of the dispersion equation actually lie near the
points nwpy so that we can neglect all the nonresonance terms in (4). Physically this means that spon-
taneous fluctuations of the beam are, as before, a superposition of travelling waves of the type exp
i(w,t-k¥), not mutually interacting.

The stability conditions are that £' shall be real and £ < A 2 /“’H? (or, with some margin, £'< 0):
they can be achieved by suitable choice of Knwpg).

In the region where the feedback coefficient ratio. is large, the roots of the dispersion equation
are far from the points nwy and resonance between the particles and the wave is destroyed. In this
case it is essential to retain all the terms of the sum in (4), i.e., the effects of waves with different k
linked via the feedback system. If the feedback coefficient is very large (|M¢[>>1), the electric field
and the perturbations to the density cease to be travelling waves, as in the case when | Mz |«<1, but
bevome standing waves of the type €(t,$) « ¥ (#) exp iwnt. Since in the nonresonance case the Ji take
their asymptotic values

2 ,.9%

A TRTR
Ae? (0 —kwy)? ’

Jp =~ jo—kog| 3 A, (8)

in the denominator of (4) we can neglect the second term in comparison with unity. Summation with re-
spect to k then gives a equation for the natural frequencies wy:

T

Sto

d z
dz sinnmz

WP (9) eiz0-m d§ = __2_?_1 R , (9)

ME (o

o

The roots of (9) naturally depend on the actual shape of ¢(#), and in some cases may in general
be nonexistent in the region where |M¢ [>1. As an example, consider the case when the field " is
concentrated at one point opposite the sensor, i.e., ¢ ($)=6 (#~r). Then

on A 30,
0~ 2aME "’

1 1 \~1 2(—1)”(0"sin A, <n+ z)‘}~1
mnlmzi“’“[mr?““"z(”f‘?) IB AE - (10)

It is easy to see that the stability condition for all n is simply that M¢ shall be real. It is interesting

to note that for large n the natural oscillation frequency is almost exactly halfway between two harmonics
of the rotation frequency.
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RADIATIVE CAPTURE OF FAST NEUTRONS BY Y8

V.A. Tolstikov, V., P, Koroleva, UDC 539.172.4;539.17.012
V.E. Kolesov, and A.G. Dovbenko :

A relative activation method was used to measure the cross sections of radiative capture of neutrons

with energies of 0.16-3.6 MeV by the magic isotope Y%.

The method of measurement has been described in [1,2]. The reference cross sections used for
determining the cross section of radiative capture by Y% from the experimental data were the capture
cross section of the thermal neutrons in Y*, producing an activity with T;—=64. 4 h, which was equal to
1.26+ 0.08 b [3], and the cross section of fission of U®® by thermal neutrons, equal to 577.1% 0.9 b (4.
The cross section of fission of UZ® by fast neutrons was taken from the curve recommended in [5].

The measurement results were plotted on a graph and compared with the data of other authors
(Fig. 1). Another study [6], covering a narrower energy range, was published while the results of our
measurements were being processed; the results of [6] are also shown in the figure. The measurement
errors in the figure were total erros, i.e.,they include both experimental error and errors in the
reference cross sections. The cross sections of Y® radiative capture were calculated on the basis of
the statistical theory of nuclear reactions. The method of calculations is explained in detail in [2, 7],

100

8
IR
4 N\
N
=1\
EN NG
o] N
N i\\
o
2P0 é\ \‘
N \g \\
lao \\ \Q \\N
by
N
o D\U\ al™ o \L '
Ew \ Mt H© :
. N =i —¥§ 4
S N[ N o) %i
I
7N NS ' Y204
4 S N \\ S B’ T
~
s AN P
/ N N
V% N //Sv\: \,t—:\\ —4\ — (— H
5 / N / ~ T
7 & <
/ X 7 RN
, /N TN
Ve / ~ \ \
2N AN
., y; (=3 ~ ] \ \ T
o001 2 4 6 4§ 01 2 4 6 & 10 2 4 £, MeV

Fig. 1. Results obtained by measuring the cross section of radiative capture of
neutrons (Y% (n, y) Y%9) and comparins with the results of other studies and
with theoretical data: @) data of present study; O) [6]; &) [9]; @) [10]; m)
[11); +) [12]; O) [13].

Translated from Atomnaya Energiya, Vol. 21, No. 6, pp.506-507, December, 1966. Original
article submitted September 2, 1966.
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The following parameters were used in determining the nuclear potential: % =0.35-10 % cm?

V,=45 MeV; d=0.5- 10 B em; £=0.1; R=6.05- 10 8 em. The compound-nucleus parameter values used
in the calculation were B=6.84 MeV [3] and a=8.8 MeV 1 The best agreement between theoretical and
experimental data was obtained for the values I‘y =0.3 eV and D=6000 eV. The value of D agrees with

the value of a used in the calculation,

The values of the energies, spins, -and parities of the excited levels of the Y% target nucleus which -

were necessary for the calculation were taken from [8]:

b, (%), 0.909 mev, (%) 01,01 MeV. <~32;>, 1.75 Mev, _

()5 222mev, () 283 mev, (512 5 )

264 MeV, <—9§+->; 2.84 Mev, (—32;> ;3-Q5vMeV, <5—2_> .

Here the first number is the energy of the excited level, The agreement with the experimental
results is improved if we assign a spin value of 7/2" to the level with energy 2.53 MeV.

The solid curve on the figure represents the total capture cross section, while the dashed curves
represent the amounts contributed to the cross section by neutrons with different orbital moments.

~ The positions of the excited levels of the Y® nucleus are shown by vertical arrows; the horizontal
bars represent typical values of the energy spread of neutrons used for irradiating the yttrium, '

As can be seen from the figure the theory describes the experiment with relatively good accuracy
over practically the entire range of neutron energies, Tne nonmonotonic variation of radiative-capture
cross section as'a function of energy is due to competition with inelastic scattering of the neutrons,
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ON THE MEASUREMENT OF THERMAL-NEUTRON FLUXES
AND CADMIUM RATIOS FROM THE ACTIVATION OF GOLD

S.S.Bugorkov, A,S,Krivokhatskii, UDC 539,125,52:539.16.08
K. A, Petrzhak, N, V.Skovorodkin,
and A.V, Sorokina ’

One of the present-day methods of measuring a flux of thermal neutrons is measuring the activity
of gold produced in the Au'®" (n,y) Au!® reaction, The capture cross section of gold for thermal neutrons
obeys a 1/v law, but for a neutron energy of 4.9 eV there is a strong resonance. In order to eliminate
the influence of the resonance part of the cross section, the gold is irradiated both in a cadmium jacket
and without such a jacket; the activity of the gold which results from the capture of thermal neutrons
below the cadmium resonance is then determined from the formula

Ath =R 0cq H;Ri’ .

where A, ¢qg is the activity of the gold irradiated without a cadmium jacket, and R is the so-called
cadmium ratio, equal to the ratio of the activity of the gold irradiated without a cadmium jacket to the
activity of the gold irradiated with a cadmium jacket, The activity of gold foil resulting from the
capture of thermal neutrons, for which op,y (V) = oo/ Vg, is determined by the formula

’Cd

Ath = Npay(1—e ) o, 5 nv)dv,
0

where N, is the number of gold atoms in the foil; A is the radioactive decay constant of the gold; t is
the irradiation time; v, is the most probable velocity of the Maxwell spectrum neutrons (vy=2200 m/sec);
09 is the cross section of capture of neutrons with velocity vy, which for Au'¥ is equal to (98.8+0.3)-10-%
' ved ' '
em? [1]; n(v) is the density of neutrons with velocity v; [ n (v)dv=n is the total density of thermal
' 0

neutrons in the velocity range up to the cadmium cutoff, The product nv,= &, is called the effective
thermal-neutron flux:

Apocd . R—I
0 Nau oo (1_‘»’_7”) R

D
In order to yield the correct cadmium ratio, the neutron density
and neutron spectrum should not vary within the indicator, i.e., the

M < irradiated gold should be practically "transparent" to trans-cadmium
20 r. neutrons, From [2] it follows that this requirement is satisfied by
/ gold foil with a thickness of 100-200ug/cm?, The error in deter-
/ mining the weight on ordinary microbalances is =29 for a foil
/ weighing 50 pg, The activity of such a foil after irradiation is found
78 v to be rather high, Thus, when the irradiation time is 10 min and the
el flux is 10'2-10'3 neutrons/sec-cm?, the 8 activity of a gold foil
rd weighing 50 pg will be more than 10°-107 disintegrations/min.
10 Absolute measurements of such high activities are carried out by
4 ) & 12 % A 2% % means of a 8-y coincidence apparatus or a graduated scintillation
Thickness of aluminum, mg /em : . .
spectrometer, as well as by dissolving the gold foil and thereafter
Fig.1. Absorption of 3 -par- measuring the activity of an aliquot part with a 478 -counter, The
ticles from Aul® by aluminum. B -y coincidence method and the scintillation spectroscopy method

Translated from Atomnaya Energiya, Vol.21, No.6, pp.508-509, December, 1966, Original
article submitted September 2, 1966,
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Thermal-Neutron Flux and Cadmium Ratios ’

Activity of target at end of irradiation, Thermai-neutron

Weight of target| Thickness of target/disintegrations/min Cadmiumratio R | flux, G, neutrons
mg mg/ cm? Without cadmium| With cadmium Jsec®cm?
jacket jacket
3.5 7 2,93-109 2.55-108 11.54-0,4 (1,984-0,07)-1012
1.10-3 2.1073 _ 8,72-10% 1.01.10% 8.640,3 (2.014-0,08)-1012

require complicated apparatus, and the dilution method (the 4 7 method) increases both the time required
for determining the flux and the radiation exposure of the personnel,

In the present study we tested a method which makes it possible to determine the activity of irra-
diated gold targets in a 478 counter without the necessity of dissolving the active gold, In this method,
all the chemical operations of dissolving the gold and taking the aliquot parts are carried out before
irradiation., This makes it possible to obtain gold targets of any given thickness, for which the weight
of the gold is determined with an error of less than 1%.

We prepared a solution of inactive gold with a known weight concentration. From the solution we
weighed out the required aliquot part, spread it on a disc of AV00000 aluminum of known thickness, and
dried it. In the drying process, the gold was distributed fairly evenly over the surface of the disc, which
was confirmed by x-ray examination of the irradiated targets, After drying, the discs were heated to
about 300°C and were covered from above with an identical aluminum disc, Discs of pure aluminum were
irradiated at the same time as the targets, in order to determine how much background was contributed
by the activity induced in the aluminum, For irradiation in a flux of 1012-10%% neutrons/sec.cm?, we
spread 1.0-0,5 pg of gold over a 0.5-cm? area of a target 16-17 mm in diameter. :

Five or six days after the irradiation, which had lasted 2 h, the activity of the targets was meas-
ured in a 4r B counter. The background from the aluminum discs was 3% of the activity of the gold after
one day and 0,5% after five days; it was caused by the activation of unknown impurities, since the activity
of the A1% itself should be down to a few hundredths of 1% of the activity of the gold even 1 h after the
irradiation is completed. This background must be found experimentally for each brand of aluminum used.

To determine the absolute activity of the Au!®, we must take into account the absorption of 8 par-
ticles from the gold by the aluminum. For this purpose we plotted a curve of the absorption of the 8 radia-
tion from the Au'®. A solution of active gold was spread on a metallized colloidal film with a thickness

of about 15 pg/cm?, After measuring the activity with a 4 73 counter, we glued aluminum foil of the

same thickness on both sides of the film in succession and again measured the activity with a 473 counter.
Figure 1 shows how the ratio of Ny, the activity on the film, to Ng, the activity recorded through the
aluminum filter, varies as a function of filter thickness., The graph indicates that for an aluminum foil
with a thickness of 21,6 mg/cm? which was used in the experiment, the correction for the absorption of

B radiation from the Au'® was 719. The measured thermal-neutron fluxes and cadmium ratios are shown
in the table; each value was obtained by averaging over three experiments.

It can be seen from the table that the thermal-neutron flux values determined from the activation
of the gold foil agree with those obtained with the targets used in the present study. A gold foil with
thickness 7 mg/ em? is practically transparent to thermal neutrons and gives a correct value of the
effective thermal flux. However, the cadmium ratio determined from the activation of such foil is found
to be 34% higher than the cadmium ratio obtained from the activation of the proposed targets.

Thus, by using such targets, we can obtain correct values of the thermal-neutron flux and the cad-
mium ratio, work with much lower activities, eliminate the need for chemical operations with high acti-
vities, considerably reduce the amount of gold used, and reduce the time required for determining the
thermal-neutron flux, '
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WATER REACTOR HOT LOOP STUDIES

A.P,Veselkin, A, V, Nikitin, B ] ] . ) - UDC 621,039,573
and Yu, V. Orlov

Nuclear reactors are now widely used as sources of ionizing radiation in physics, chemistry,
technology, and medicine. But mixed gamma and neutron emission over a broad energy spectrum is not .
consistently desirable in research, A radiation loop with a set of emitters of different geometrical con- -
figurations was built for a water-cooled water-moderated research reactor with a view to expanding its
research capabilities,

High-purity water passing through the reactor core at a pressure of 1 ab.atm, and temperature
of 20-30°C is activated prior to entering the emitter, which is employed as a source of hard gammas
with energies of 6.13 and 7.10 MeV [1]. Induced activity in the water is determined by the decay of the
N formed in the O, p)N'® reaction., ' The intensity of neutron emission accompanying N7 decay is
lower by two or three orders of magnitude.

. Characteristics of the "Ulitka" {Snail] emitter, externally a disk slab wound from 8 X 1 tubing,
were studied in detail in the hot loop. The slab O.D, is 470 mm, its' I.D, is 30 mm, the.turns number 26,
and average winding pitch is 8.5 mm on a side. Active water is fed in centrally and drained on the
periphery of the slab. The total activity of the source is 3 mCi.  Variations in linear activity (u/cm),
i.e., activity per unit tube length along the radius p of Ulitka, shows a Gaussian distribution {2]

S (p) =S (0) e~x22 ' 1)

and allows for independent control of the main parameters: the smoothness factor a? and the activity S(0)
at the entrance, calculated by the formulas

F

§(0)=R i o (1—e ™) e, (2) .
a? = 77;_1’71 , ‘ 3)
where
R= S S, (E) D (E)dE 4
E thres

(here Z,40t(E) is the macroscopic cross section for the activation reaction, in cem-1; &(E) is the diffe-
rential fast flux at the core center, in neutrons/ cmz-sec-MeV); ky, is the smoothness factor of the fast
flux distribution in core height; k;- is the ratio of fast flux at the site of the experimental channel to
neutron flux at the core center;A is the radiocactive decay constant, sec™1; t' is the exposure time of
the water in the channel, sec; t is the time it takes the water to flow from the core exit to the emitter
entrance, sec; F is the area of the inner cross section of the Ulitka tube, em?; w is the water flowspeed
in Ulitka cm/sec; and b is the pitch of the Ulitka tube winding, cm,

The fast neutron spectrum in the reactor, ®(E), was calculated by a procedure recommended
elsewhere [3] for water-cooled water-moderated reactors,

Integration over the source surface yields a formula for the dose rate D at a distance a from the
Ulitka plane on its axis (in the absence of any absorber or scatterer between source and detector):

D (@)= YO purar(F, (0207 — Ey[a* (a2 + 07)]), 5)

where py is the gamma radiation constant of the nuclide, p-cm?/h-Ci; E,(x) is the first-order integral-
exponential function [1].

Translated from Atomnaya Energiya, Vol. 21, No,6, pp.509-511, December, 1966. Original
article submitted December 21, 1965; revised June 14, 1966,
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at a sufficient distance from the Ulitka plane (a® >p %), .

Figure 1 shows the energy and amplitude distribution of gammas (measured with an 80 X 80mm
CsI(T1) crystal). Reference [4] describes how to convert from amplitude distribution to energy distribu-
tion. The energy distribution peaks twice, near energies 6,1 and 7,1 MeV, with an intensity ratio 11:1
(N8 decay), so that the emitter is practically a source of monoenergetic 6.1 MeV gammas,

By using a lead collimator 150 mm long with a hole 10 mm in diameter, we could measure the
source activity distribution over the Ulitka radius at a loop water flowrate of 60 kg/h. The distribution
follows Eq, (1) quite closely for ¢?=5.48"10"3 cm 2, The computed a2is 5.75-1073. The equilibrium
dose rate is established 10 sec after the valve is opened. When the reactor is shut down, dose rate falls
to background level with a half-life ~ 8sec.

The variation of dose rate to the Ulitka plane is worth finding out in some phases of research.
This dependence was measured by using two scintillation plastic gamma-ray dosimeters: one 50 mm in
-diameter and 50 mm high (volume ~ 100 cm?), the other 20mm in diameter and 10 mm high (volume
~ 3 cm®), The dosimeters were first given an absolute calibration by means of a standard Co®® source.
Results of measurements and calculations based on Eq. (5) are shown in Fig.2. Predicted and measured
dose rate — distance to emitter plane dependences are the same, and the quadratic law (6) is observed
at distances beyond 30 cm. But predicted data are about one half the experimental values in absolute
values (Fig, 2 shows predicted results arbitrarily doubled), This discrepancy can be accounted for by'
the inadequate knowledge of absolute flux and core fast spectrum, activation cross section, and also by
the experimental error (+ 20%) associated with determination of the absolute value of the gamma-
radiation dose rate,
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The neutron dose rate of the Ulitka (induced N7 activity) was one-hundredth of the gamma-dose rate,
according to measurements using a RUS-5,

Relative concentrations of chemical forms of N1 in the reactor water were also measured with the
aid of the hot loop described here, The procedure used for the measurements was similar to that used in
[5]. The radioactive water was let alternately through three ion-exchange columns connected in parallel,
The first column contained cation exchange resin, the second contained anion exchange resin, the third
a neutral resin which did not trap nitrogen compounds, but did bring about identical holdup conditions and
decay of radioactive atoms, After passing through the columns, the water entered a measuring tank, and
measurements there yielded information on chemical forms of N1 in the reactor water. Only gamma
emission of higher than 4.5 MeV energy was recorded there, The pH of the reactor water fluctuated
between 6,4 and 6,9, The fraction of anion forms of N1 NOz, NO3, ...) was found to be 60% at 20°C, as
against 15% for cation forms (NH,*, ...), and 25% for neutral forms (NO, NO,, N,, NH3-H,0, ...).
Comparing these results to the data reported in [5] is no simple matter, since the EBWR is a boiling-
water reactor,

The hot loop is now being rebuilt to step up emitter intensity ten times,

The authors are indebted to A, V, Zhenikhova for systematic monitoring of the reactor water pH;
to V. V. Gerasimov for setting up the ion exchange columns and for a fruitful discussion of the results;
to Yu, G, Anisimov for his kind aid in the measurements and data processing, and to the reactor staff
for setting up and operating the hot loop,
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MONITORING THE OXYGEN AND HYDROGEN CONTENTS OF FUSED
SODIUM BY MEASURING ITS ELECTRICAL RESISTANCE

V.I1. Subbotin, M. N. Ivanovskii, UDC 621, 039.534. 6
M. N, Arnol'dov, B.A. Shmatko,
and A, D. Pleshivtsev

Control of the gaseous impurities of the sodium is a prerequisite for the 6peration of sodium-cooled
nuclear reactors, The presence of dissolved impurities in the liquid metal is known to affect many of its
physical properties. Thus changes in these properties can serve to indicate changes inthe impurity

contents,

Of especial interest is impurity control by electrical resistance measurement, which can easily be
achieved by means of simple methods and apparatus, either by remote control or automatically,

Blake [1] described a device based on resistance measurement, with which he monitored the purity
of sodium-potassium alloy circulating in a nuclear reactor, He assumed that the resistance of liquid
sodium varies because of changes in the content of oxygen present in the alloy as sodium oxide, The
effect of temperature on the resistance was eliminated by a special measurement technique. The resis-
tance of the alloy was determined during its purification in a cold trap. The results indicate how the
resistance varies with the extent of purification. However, Blake [1] gave no proof that the resistance of
the alloy does in fact change because of changes in the oxygen content, nor did he produce a quantitative
relation between the resistance and the contents of oxygen or other impurities. He arbitrarily assumed
that the relation between the resistance of a sodium-potassiumalloy and its oxygen content is similar to
the corresponding relation for certain other metals (copper, niobium),

Subsequently Claxton [2] showed that the relation between the resistance and the impurity concentra-
tion is not specific for oxygen dissolved in sodium, and hence not for a sodium-potassium alloy.
According totheseresults, the oxygen content in such liquid alloys cannot be monitored by measuring their
electrical resistances.

The first experimental data on the relation between the
resistance of sodium and its oxygen content were given by Kozlov

20 / et al. [3].
/ The relation given between the resistivity of sodium at 350°C
5 / as a function of its oxygen concentration, was as follows:
/ P350°¢ = 0,189(1 - AC),
= /
Ew where AC is the change in oxygen concentration in wt. %, p is the
& resistivity in ohm. mm? /m. The measurements were made in
by / circulation loop by means of a device similar to that described in [1].
05 i The resistance increment per unit oxygen concentration was
/ found to be 20 Q- cm /wt.% O, This value is very high,
Thus the literature contains contradictory data on the relation
0 0 20 34 (wt. PpH,) 10! between the resistance and oxygen content of liquid sedium,

We have measured the resistivity of sodium at 350° C in _
relation to its oxygen and hydrogen contents, Hydrogen is one of
the most characteristic impurities in sodium coolants.

Fig. 1. Electrical resistance
of sodium versus hydrogen
concentration (sodium tem-
perature: 350°C).

Translated from Atomnaya Energiya, Vol, 21, No.6,pp.511-512, December, 1966. Original
article submitted June 23, 1966,

1221

Declassified and Approved For Release 2013/03/12 : CIA-RDP10-02196R000700040006-8



Declassified and Approved For Release 2013/03/12 : CIA-RDP10-02196R000700040006-8

The literature does not contain any experimental data on the relation between the electrical resistance
~and hydrogen content of sodium.

We used a double dc bridge. The sodium was contained in a measuring tube of 1Kh18N9T steel,
with an external diameter of 9 mm and wall thickness of 0.4 mm, into which current and potential
electrodes were soldered. The tube was connected to a sodium circulation loop with a pump for drlvmg
round the sodium and a device for introducing oxygen and hydrogen into the metal.

The oxygen and hydrogen were introduced in the gaseous form. The certified compositions of these

gases were as follows: oxygen) total 99.2% , moisture< 7° 10 % ; hydrogen) total 99,5% , moisture
< 5.10 29,

The amount of gas introduced was found by measuring its pressure in a tank of known volume at
known temperature. In addition, oxygen was also introduced as sodium peroxide. Continual circulation

of the sodium through the measurement tube ensured that the composition of the metal was constant
during the measurements,

The temperature of the sodium circulating in the loop and through the tube was 350°C, It was held
at this level in the measurement tube to within 0.05°C by a thermostat.

The initial impurity content of the sodium used was as follows: ‘
Element| o |Eo & X Az Ou, Ti K

Content 5«10"}1 < 1-10731<1-1074|1.5-1073]3.7-1073
Wt.%

Chemical analysis revealed that the contents of the other impurities remained unchanged when the
oxygen was introduced. Altogether, 1.6-10 2 wt.% of oxygen was introduced in several portions, After
the addition of the last portion, the sodium was saturated with sodium oxide at 350°C; the content of this
substance was controlled by the distillation method.

During addition of the oxygen, we did not detect any change in the resistance of the measurement
tube and sodium greater than the experimental error, which was 510 ¢  (at 350°C, the resistance of the
measuring tube and sodium was 5. 10 % Q). According to Kozlov [3], the addition of this amount of oxygen
ought to have changed the resistance of the tube by 8- 10 ¢ Q.

Thus our results are in harmony with Claxton [2], but disagree with the assumptions of Blake [1]
and the results of Kozlov et al. [3]. The reasons for the disagreement with Kozlov are not clear. To
elucidate them, the authors of [3] are carrying out a special investigation,

We measured the resistance of oxygen-free sodium (containing 5-10 ¢ wt.% O,) to which hydrogen
was being added. The contents of oxygen and other impurities remained constant during the addition
of the hydrogen,

The gas space above the surface of the fused sodium was 1/4 the volume of the sodium, and was
at the same temperature as the latter. According to Addison [4], the amount of free hydrogen in the
gas space in these conditions should not exceed 2-3% of the amount dissolved in the sodium.

The measurement results are plotted in Fig. 1.

Thus the hydrogen content of sodium can be monitored with a sensitivity of 8- 105 wt. % by
measuring its electrical resistance. It is, however, difficult to monitor the oxygen content by this method.
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RANDOM THERMOELASTIC STRESSES PRODUCED
IN A WALL BY TEMPERATURE PULSATIONS

M. Kh, Ibragimov, V., I. Merkulov, UDC 621,039, 517, 5
and V, I, Subbotin

During stationary heat exchange with longitudinal turbulent flow of a liquid, temperature pulsations
occur in the heat-transmitting wall of the heat exchanger, There are various reasons for this, They
include hydrodynamic instability and phase changes of the liquid flow, turbulent temperature pulsations
in the liquid flow [1], vibrations of the heat-transfer tubes [2], and others, Because of the temperature
pulsations, there are continuous instantaneous and random changes in the temperature gradient along
the cross section of the heat-transfer walls, This results in thermal stresses which vary with time
and are added to the thermoelastic stresses arising from the action of the average temperature drop
(the mathematical expectations of a random temperature field), The effects of the resulting stresses on
the serviceability of structural components may be considerable in some cases (high thermal loads,
concentration of stresses, corrosive action of the coolait on the structural materials) and must there-
fore be included in calculations of the fatigue strength,

The present article gives an approximate method for calculating the magnitude of random thermo-
elastic stresses caused by random pulsations in the temperatures at the boundaries of a solid, T, and T,,

The problem is solved for a thin plate, i.e., it is assumed first, that the field of random tempera-
tures is linearly distributed along the cross section of the plate: ’

],=7,0+Z0’ (1)
and, secondly, that the field of temperatures and stresses depends on one variable, namely, time (the
spatial correlation scales are fairly high in comparison with the plate thickness, h). Such an approach
is widely used in the solution of nonstationary problems in thermoelasticity [3, 4], The values of the
random temperature T, and the random temperature gradient 8 at the center of the plate (z = 0) are
expressed by the formulas

1T, _Ti—T, ' . .
To= 0= 472, (2)

5) ]

which follow from the boundary conditions that T = T, when z = h/2 and T = T, when z = — h/2,

Experiments have shown that the temperature pulsations in the wall during turbulent heat exchange
have a fairly narrow frequency spectrum (0,05-5cps) [1]. In this case we may consider the situation to
be quasistatic, i.e,, we may use the solution of the corresponding stationary thermoelastic problems
[41. -

As an example, let us consider an infinite plate with fixed edges (Problem I) and freely movable
edges (Problem II), In both cases we assume that there is no curvature in the plate, Under these
conditions the random stresses are expressed by the formulas [5]:

E
Pl=Pl= "I“f_; (To+:0), PL,=0; 3
E(It ( )

19 ST N .
Pii=py = 1—v

1I
20, ny=0,

where E is the modulus elasticity, ¢ is the coefficient of linear expansion, and vis the Poisson coefficient,

According to the theory of random functions [6], the dispersion of the sum of two random functions

is expressible by the formulas P 2
07).\,,:0;,”:??\/)—2 (c§.0+z205 o4 2:0T009HT09); ] 4
a1t _ onr £ ! @
01“‘\: :‘GP” :m 2266’ J
Translated from Atomnaya Energiya, Vol, 21, No.6, pp. 513-514, December, 1966, Original
article submitted June 20, 1966,
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Fig. 1. Amplitude of thermal streSses as a function of the intensity of temperature pulsations
on the surface of a plate with fixed (1) and free (2) edges,

Fig. 2, Amplitude of temperature pulsations in the wall as a function of Re when heat exchange

takes place in a tube [liquid metal (X), water (O)] and when heat is transfered from 11qu1d
metal in a double-pipe heat exchanger (@),

where

1
2 == — (0% o2 2 :
g % (0’|+07'2+‘0T16T2RT1T2)’
y .
5= /,2 (0% l—r0‘12—267-1(1.]'21{,,.1.[.2).

Here RTT, is the coefficient of correlation between T; and T,.

The thermoelastic stresses will reach their maximum value on the surface planes of the plate:

h T 1 Eay .
7=ty 0 F= 00, Ty 1y )
h Fag
- — I —gl
P=-7 “n Op, =191 6)
. E(lt ’r . '
i 5 (’” ‘—”” == 0“ = r:l/ 0%y + 6%, —207,01, R, 1, (7)

Figure 1 shows the results obtained by calculating the stress amplitudes by formulas (5)~(7) sub-
ject to the conditions that the temperature pulsations in the two planes of the plate, T, and T,, are
statistically independent (RTT, = 0) and that the amplitudes are equal (0T = 0T,).

The values of Eot and v were taken to be 33 kg/cm? and 0.3, respectively, The nature of the
temperature pulsations in the heat-transfer wall has been investigated in [{1], Further investigations
showed that the pulsation amplitude ¢4 is a function of the Reynolds number Re and in liquid metals
amounts to 3-3.5% of the temperature drop (tw -t1) when Re is large (> 70.10%) (Fig.2 ). For heat
exchangers we must consider the total temperature drop between the coolants (excluding the temperature
drop in the wall), The calculated and experimental results shown in Figs. 1 and 2 enable us to estimate

the amplitude of the additional stresses caused in the heat- exchange equipment by the temperature
pulsations,

The probability distributions of the amplitudes of the temperature pulsations in the wall — and
consequently, of the stress pulsations — practically coincide with the normal law, and therefore the
maximum stress pulsations App,,x may exceed the value 2,50p with a probability of 1.5%.

In real energy-loaded systems (heat exchangers, steam generators) operating at the level of allow-
able thermoelastic stresses, the contribution of the additional stresses may seriously influence the
serviceability of structural components,

1224

Declassified and Approved For Release 2013/03/12 : CIA-RDP10-02196R000700040006-8




©

Declassified and Approved For Release 2013/03/12 : CIA-RDP10- 02196R000700040006 8
LITERATURE CITED

1 V. 1. Subbotin et al, Energlya, 18, 525 (1965).

2 C. Peckinpaugh and R Keaten, Trans, Amer, Nucl, Soc,, June, 151 (1964)

3. V. V. Volotin, Prikladnaya Mekhanika i Matematika, 24, 361 (1960),

4

5

G, Parkus, Transient Temperature Stresses [in Russian], Moscow, Fizmatgiz (1963).

V. M. Maizel', A Temperature Problem in the Theory of Elasticity [in Russian]. Kiev, Izd-vo
AN USSR (1951). '

6, V. S. Pugachev, The Theory of Random Functions and its Application to Automatic Control
"Problems {in Russian], Moscow, Fizmatgiz (1962).

Declassified and Approved For Release 2013/03/12 : CIA-RDP10-02196R000700040006-8

1225



Declassified and Approved For Release 2013/03/12 : CIA-RDP10-02196R000700040006-8

METHOD FOR CHECKING LEAKTIGHTNESS OF
VVR-M REACTOR FUEL ELEMENTS

I.F. Barchuk and D.T. Pilipets UDC 621.039.547

An efficient technique for checking the leaktightness of fuel elements used in the VVR-M reactor _
was developed at the Institute of Physics of the Academy of Sciences of the Ukrainian SSR in 1962, and - i
is now in use. -

There are quite a few inspection techniques available for the purpose, and they have been reviewed
and analyzed by V.1, Polikarpov and asgsociates*. But one drawback common to all of them is the low
sensitivity due to low effect/background ratio. )

The special feature of this method is that gaseous fission products accumulated in the fuel elements
are vacuum-extracted from the nonpressuretight fuel element in large volume, and are then collected 1
and concentrated in a small-volume ionization chamber; the volume ratio is 100:1 in this work. This is ;
a great improvement in sensitivity. The current appearing in the ionization chamber when gaseous i
products from the fuel element impinge on it acts as a pressuretightness criterion, The current is ' ‘
measured with an automatic recording device. Those fuel elements which give zero readings with the
automatic recorder after vacuum has been applied are considered pressuretight. Figure 1 shows the !
layout of the test arrangement,

The leak monitoring procedure involves four steps:

| |

1. The fuel element to be tested is placed in a vacuum chamber, which is installed in the reactor; ‘

tank underneath the water level and alongside the core. Pure distillate is pumped into the vacuum B

chamber, this. distillate is diluted and radioactive water entering the vacuum chamber when a fuel element
is placed in the chamber goes into the effluent. In this way the system is washed down along with the

fuel element surface, ' .

* V.1 Polikarpov et al., Inspection of pressuretightness in nuclear fuel elements, Moscow, State atom
press, 1962 [in Russian]. v .

Fig. 1. Layout of test arrangement

£ for monitoring pressure tightness

' of fuel elements: 1) measurement
of ionization current; 2) off to spe~
‘cial ventilating duct; 3) distillate
tank; 4) ionization chamber (200 cc);
5) filter; 6) vacuum pressure gage;
7 fore-vacuum cylinder (1000 liters);
8) fore-vacuum pump; 9) compres-
sed air line; 10) water-level gage
glass; 11) off to special drainage
system for effluent; 12) vacuum
chamber (18 to 20 liters); 13) fuel-
element temperature measurement.

Translated from Atomnaya Energiya, Vol. 21, No.6, pp.514-515, December, 1966. Original
article submitted April 7, 1966,
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2, Compressed air removes the pure distillate and moisture residue from the system into the
effluent system, the ionization chamber and vacuum chamber are purged, and the air is then vented
to a special ventilation system, The background in the ionization chamber is measured, and should
read zero,

3. Rarefaction in the volume containing the vacuum chamber and ionization chamber is brought
about rapidly by means of a constantly evacuated fore-vacuum cylinder, which is disconnected once the
required rarefaction is achieved. The fuel element is held for some time at this rarefaction level. If
the fuel element jacket is not pressuretight, radioactive gases will escape from the fuel element, The
temperature of the vacuum-treated fuel element reaches 75-80°C in 1 h after a reactor on power at 10
MW for a period of some length has been shut down for a week. Thermocouples in contact with the fuel
element monitor this temperature inside the vacuum chamber; the automatic recorder measures thermal
emf current.

4, Gases extracted from the fuel element are forced into the ionization chamber by the pure dis-
tillate, and the ionization current is recorded. On their way to the ionization chamber, the gases also
pass through a filter which holds back water vapor and aerosols whose radioactivity levels and haif-
lives can be measured if so desired,

A cycle of tests on one fuel assembly lasts about 1 h with the elements held in vacuum for 30
minutes. The arrangement can be operated by a single technician,
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URANIUM CONTENT OF CASPIAN SEA SEDIMENTS

G. N. Baturin “UDC 553.495

In connection with the problems of the genesis of uranium deposits in sedimentary rocks, interest
has arisen in the processes of distribution and concentration of uranium in present-day sea deposits,

In recent years it has been determined that certain forms of deep-sea deposits of the Black Sea
and the Baltic Sea contain up to (1—3)-10‘3% uranium [1-4], while the concentration of uranium in the
waters of these two seas is in the range of (2-3)-10~ g/liter and is practically as low as the uranium
content in the waters of the Pacific Ocean [1, 5-7]. '

Several views were advanced attributing this relatively high uranium content directly or indirectly
to the influence of the hydrogen sulfide contained in the water layers of the Black Sea and in the bottom
layer of water in the Baltic Sea depressions [1,7-8]. It may therefore be suggested that hydrogen-
sulfide contamination of the lower layers of water is an essential condition for uranium enrichment of
sea sediments. However, data on the distribution of uranium in the surface layer of Black Sea and
Mediterranean Sea sediments [3] are consistent with the hypothesis that both of these basins are charac-
terized to a greater of lesser extent by sorptive transfer of uranium from the water to the sediments,
and the gas content of the water can only affect the rate at which this process takes place. Apparently,
in the general case there is a certain sorption equilibrium between the solid and liquid phases, and
when there is a high percentage of uranium in the water layer of the basin, we may expect it to be pre-
sent in the sediments as well, irrespective of the presence of hydrogen sulfide in the water,

The truth of this hypothesis can be tested by considering sediments from the Central Caspian,
whose waters contain as much as 6,5-10.1075 g/liter of uranium [5] and do not contain any hydrogen
sulfide {9, 10].

We found the uranium content of 34 samples taken
from the surface layer of Central Caspian sediments, The
sediments of the deep-water zone are represented by clayey
silts with a low calcium content alternating with clayey-
aleuritic and fine—grained aleuritic varieties as the sam-~
plings are taken closer to the coast sometimes with an ad-
mixture of shell rock (in the eastern zone),

It was found that the sediments under investigation
contain 1.0-10~ to 2.3-107%% uranium. The maximum ura-
nium content values were found in the clayey silts taken
from the central part of the Central Caspian basin, and
the minimum values were found in the aleuritic silts from
the western shelf region (Fig.1).

According to a well-established general law [11], such
a distribution is characteristic for elements migrating in
rivers and reaching the sea basin mainly (or largely) in
o1 ©-) ©-3 0-4 ©-5 : dissolved form. In the present case this law is again con-
firmed by the uranium content found in 11 suspension sam-
ples taken from the arms of the Volga delta from Aprilto
June in different years, The ratio of suspended and dis-
solved uranium in the waters of the Volga is given below:

Fig.1. Distribution of uranium in the
‘surface layer of Central Caspian se-
diments %: 1) > 2:10-3; 2) (1-2)-10-%
3) (5-10)-10-% 4) < 5.107% 5) site Average annual turbidity [12] 100 mg/ liter
where core was taken. ' Uranium in solution [5] (0.14-1,5)-107 g/ liter

Translated from Atomnaya Energiya, Vol, 21, No. 6, pp.515-516, December, 1966, Original
article submitted June 9, 1966.
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Maximum Concentrations of Uranium in Sea Sediments

Sea

Hydrogen sulfide
present in the
water

Uranium content
of water, g/liter

Maximum concen=
tration of uranium
in surface layer of
of sediments, %

" Black
Baltic

Central Caspian

From the 200-m -
level to the bottom
In water near bot-
tomn of depressions

None

@ - 3)10°
[5-T]
Up 10 2°107° [1]

Up to 10°107°(5]

. 29072 [3]
3.2°107° 1

2.3°107°

Uranium in suspension (1.0-2.5)-10"%g/g
Fraction of total ura-
nium represented by

dissolved uranium

03% Yy

0%

35-90%

Fig.2, Distribution of ura-
nium in a core: 1) clayey
silts (New Caspian depo-
sits); 2) clayey-calciferous
silts (New Caspian deposits);
3) aleuritic-clayey silts (de-
posits from the period of
the post-Khvalynskian re-
gression.

As can be seen, dissolved uranium predominates
over suspended uranium in the Volga water. In the
rivers of the Caucasian coast, which have high tur-
bidity, the relative proportions of suspended and dis-
solved uranium are apparently reversed, However,
since most of the river water coming into the Caspian
Sea comes from the Volga (about 80% of the total flow),
the percentage of dissolved uranium entering the basin
is still considerable,

Because of the many fluctuations in the level of
the Caspian Sea during the Late Quaternary period,
the question arises: how was this reflected in the ura-
nium content of the sediments and the ratio of dis-

. : solved to suspended uranium in the river waters
flowing into the basin ? The uranium content found in 28 specimens fromacore 3.9 mlongtakenfroma depth
of 600 m indicates that a high uranium content (5.10~ t6 '2.10739,) is characteristic of the entire clayey
layer of deep-water New Caspian deposits. In sediments from the lower stratum corresponding to the
period of the post-Khvalynskian regression, the aleuritic material is predominant, and the uranium
content is reduced to 2.2-4.5°1071% (Fig.2).

Evidently,until the New Caspian period the uranium entered the basin chiefly in the form of de-
trital particles. Solutions played only a minimum role, and consequently concentration of uranium in
the sediments did not take place.

The above data show that when the uranium content of the water is high, the metal may accumulate
in the sediment of the basin even when gas conditions are normal (see table).

The conditions necessary for such accumulation apparently also include the presence of silts with
a high sorptive capacity and a minimum influx of depleted terrigenous material low in uranium.

In conclusion, the author wishes to express his deep gratitude to A. S, Pakhomova and L. L.
Lebedeva, who were kind enough to supply the sediment and suspension samples necessary for this study.
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A MATRIX METHOD FOR CALCULATING a¢-RAY

SPECTRA OF THICK SOURCES

V.P. Grigorov UDC543.52:539.128,4

We shall use the term "thick source" to mean a source consisting essentially of a specific inactive
substance inside which atoms of an active isotope emitting monoenergetic « particles are distributed
with a density A’ (h) according to a known law, The source thickness H, is comparable to but not
greater than the path length R, of an « particle in the source material (we neglect the mass of the isotope).
The active atoms are uniformly distributed over the area,

If we regard the o radiation as isotropic and neglect the reflection of o particles and the slight
boundary effect, we can easily calculate from the geometry of the changes involved the relative number
N of a particles emitted by the source:

1 4
-N=73A(h)hsr—2drdh, (1)
0 h
where
1 ,
A(h) =4 A’ (h).

{ a4 @®ar
0

We divide the path length R; of an o particle in the source material into m segments, Ar; (Ro = D) Ar),
and divide the source into k layers of thickness Ah;(Ho = 2 Ak;, each (k=m). We must have Ar = Ah.
We introduce the notation i= :

; i
hj= 2 Aly; ri== ) Ary; ro=hy=0. (2)
=1 =1

It is evident that by =Ty
We replace the integral in formula (1) by a sum:
" k J Ro "
N=23 SA(h)hS;z—drdh. : (3)

7 lhj_1 h

I

The relative number N (r;) of « particles which have travelled a path length of Tj_1 to r; in the source
(where i is some fixed value) is

hj r

j i h,
1 . dr 1 ¢ ,+ Ahz
=72 g A(h)hdhg . S A(h)hSdrdh ZA(I;) hjt+hy (4)
P=ihy Tiog hjy i p=t
where Ej and h are average values over the intervals [hJ - , h: ] and [h1 - hi]. In order to use formula

(4), we must know these values. The fundamental approximation of the calculation method under con-
sideration consists in the assumption that the average values hj coincide with the midpoints of the
segments, i.e.,
1
=5 (hjg+hy).

If we give the index i different values from 1 to m, we obtain m equations analogous to Eq. 4);
the solutions of these equations together constitute a dxscrete spectrum of a particle path lengths in the

Translated from Atomnaya Energiya, Vol, 21, No. 6, pp.517—518, December, 1966, Original
article submitted March 17, 1966.
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Elements of the Matrix B

] Values of j

i

1 2 3 4 5 6

1. 0.250000 .0 . 0 0. 0 .0

2 0.425000 0.125000 0 0 0 0

3 0.041667 0.125000 0.083333 -0 0 0

4 0.020833 0.062500 0.104167 0.062500 0 0

5 0.012500 0,037500 0,062500 0.087500 0.050000 0

6 0.008333 0.025000 0.041665 0.058333 0.075000 0.,041667

Ae MeV g3 0,265 025 0247 413 41807 043 0

7 2 J 4 5

. | 0 . T R [
e, Mev 75 5 i35 | |/ e
: 0.70 4 .
0.20 : \
030 H1 62 43 04 05 05 0] 48 A
- | I Py
040 7
0.50
0.60 Vo1 602 003 0.0+ 005 006 007 008 A
02003 0 :

0.70 7

2 0.80
h, mg/cm?

Fig. 1. Auxiliarygraph for calculating the elements a; of the mat-
rix A: 1) variation of distribution density as a function of the depth
A (h); 2) variation of residual energy of the « particles of ThC
(6.05 MeV) as a function of their path length in the air-equivalent
substance of the source ( € is the energy of the « particles).

source material, It is easily shown that this set of equations can be written in the form of a single
matrix equation N=BA (5)

where N and A are column vectors consisting of m and k elements, respectively, while the elements
bij of the matrix B, calculated for specific values of Ahj and Ar;, are of the form

1 hjqth; o
T P Athri ] <<i;
o= 1 Ah? ., :
) = @
0 j>i.

To facilitate the subsequent transition from the spectrum of « particle path lengths N (r;) to the

a particle energy spectrum (where we must take into account the variation of the residual energy of the
a particle as a function of their path length in the source material), all the segments Ahj and Ar

should be taken equal to an arbitrary and sufficiently small "energy" unit (say, 0.02 or 0.05 Mev), i.e.,
using the above relationship, we should divide H; and R, into segments in such a way that on each of
these segments an « particle will lose the same amount of energy, equal to the energy unit. We take
Ahj =Arj=1, and formula (6) becomes ‘

27 —1 R ..

HE—=D <y
D | . ”
bi=y & = (7)

0 j>1.

Part of the matrix B is shown in the table.
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When we use this calculation method in practice, we first determine the elements a_ of the
matrix A, using an auxiliary graph (for example, the one shown in Fig,1). The energy a.;us is divided
into segments equal to the chosen energy unit (e.g., 0.02 MeV), and then, using curve 2, we divide
the depth axis (the h-axis) into segments corresponding to the energy intervals, From the graph of A (h)

(see curve 1) we determine the activity A (h.) at each point corresponding to the midpoint of the energy

interval; we then multiply the resulting values by the width of the interval in mg/cm?, obtaining the
desired elements 2j. The matrix B is multiplied by the resulting matrix A; as a result, we find the
matrix N, which is the desired energy spectrum of the « particles.

The precision of the calculations depends on the precision of the geometric construction and the
form of the function A (h). If the value of A (h) doubles within one segment Ay, the discrepancy be-
tween the exact and the approximate data may amount to as much as 8-10%.

It is readily seen that when the distribution density curve varies greatly in segments corresponding
to the upper part of the source, the o particle spectrum may be calculated in sections, with a smaller
energy unit used in the section made up of these segments.

The matrix B may be set up in such a way that it will be applicable when the angle between the
normal to the source surface and the direction of emission of the o particle does not exceed 8, For
each depth hJ there is a maximum path length T§ max’

hj .
TTmax ™ 5556 * (8)
The number of elements in each column of the matrix B is limited and is equal to the number of energy

intervals correspondmg to j max-

The sensitivity function of the spectrometric apparatus (the instrument function), which we use for
the transition from the o particle path length spectrum N (¢) to the pulse amplitude spectrum J (E),
may be expressed in the form of a matrix G, each element of which gi) of which represents the relative
number of pulses hitting the analyzer channel with discrimination levels from E to E+ AE produced by
« -particles with energies in the interval from e to & + At , The desired pulse amplitude spectrum can
be expressed by the matrix equation J=GN=GBA. (9)

If the function G (¢, E) is expressed analytically, e.g., by a Gaussian distribution, then the
elements g;) can be calculated. If they are determined experimentally, by using, e.g., thin sources of
« particles of various energies or by changing the amplification factor of an amplifier, the use of a
matrix will be particularly convenient.

Summing specific elements of the matrix N or J, we can easily calculate the number of & particles
which have energies in specific intervals, or the number of pulses whose amplitude lies within the
limits determined by the discrimination level,
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MEASUREMENT OF THE DOSE OF PRODUCTS OF THE NUCLEAR
REACTION B!%(n,a)Li" AND THE TEMPERATURE IN THE REACTION
ZONE WHEN THERMAL NEUTRONS ACT ON BORATE GLASSES

S. A, Gabsatarova and A, M. Kabakchi UDC 614.8:539,12,04

Interest has recently arisen in the use of doses of absorbed neutrons for vulcanizing rubber [1],
"spot-welding" various polymer materials [2], and other purposes [3,4]. To increase the dose in the
reaction medium, salts of boron and lithium are added.

In this letter we describe calculations and experimental measurements of the energy transmitted
to the medium by the a-particles and Li’ nuclei created by the action of thermal neutrons on borate glass
(containing 16.5% B,03). The dose rate was calculated for n-heptane for the conditions of radiation-
thermal cracking. '

The optimum thickness for the "operative" layer emitting @ particles was taken as equal to the
path length of the a particles in the glass. A numerical value of the path, 1.15 mg/cm?, was taken for
mica [5], which is similar to the glass in chemical composition and density. To determine the irradia-
tion intensity of the whole @ particle spectrum we found the mean energy of the  particles for each
of ten equal and parallel sublayers into which the operative layer was divided. The determination was
carried out by graphical integration of the curves plotting @ particle energy versus path length for a
large number of angles increasing from 0 to ¢°. Figure 1 shows one of these curves. The irradiation
intensity was calculated [7] from the relation

‘ P=noN E,,

where 7 is the flux density of thermal neutrons, equal to 1.12.10! neutr/cm?.sec, o is the effective
cross section, which for boron is 7.55.10~% cm? [6], Ny is the number of a particles formed in each
of the sublayers within the angle ¢, and E(, is the mean energy of these particles in eV,

il
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Temperature, “C

Fig. 2. Temperature developed
Fig. 1, a-particle energy versus path length inside capsule, plotted versus
for seventh sublayer, reactor power.

Translated from Atomnaya Energiya, Vol, 21, No.6, pp.519-520, December, 1966, Original
article submitted May 31, 1966,
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TABLE 1, Calculated Values of Energy - TABLE 2, Calculated Values of Energy
Transmitted to Substance by o Particles Transmitted to Substance by Recoil Li’
Nuclei
Num - Ansle ;
ber of |8 |N.,x107|E.,. ,x10°%|P, x 1078, Num-
@ [e 2 cav ? um Angle _
sub- degrees em” (eV) (eV/em™sec) ber of| & Nii7s x10718 ELiav'Xlo-s p, x1071
layer sub=~ ? 1 Tem (ev) (eV/cm?'sec)
- |degreeq

1 36 | 0.329 0.19 0.0526 layer

2 65 0.592 0.577 12 .

3 83 0,757 0,088 0.688 4 48 0.438 0.468 0.173

4 100 0.915 "1.61 1.24 5 78 0.715 0,646 0.390

5 14 1,04 2,22 1.95 6 | 102 0.931 1.100 0.865

6 127 1.16 2.88 2.82 7] 122 | 1.120 1.640 1.540

7 140 1.28 3.:54 3.83 8 | 138 1.260 2.140 2.270

8 151 1.38 4,52 5.26 9 156 1.430 2.770 ;}.:320
9 [, 163 1.49 5.36 6.74 10 A73 1.580 3.170 4.230

10 175 1.60 5,55 7.50 -

— £P=1.28.1014
IP=3.04-1012

TABLE 3, Results of Experiments to Determine Absorbed Doses

Number of Dy x107° D,x 10-° (D, - D)% 1078
Glass
plate rad rad rad
1 Borate 15.78 7.22
2 " 15,82 7.29
3 " 15,79 T.27
4 " T 15.73 7.20
5 " 18.77 7,22
6 Quartz 8,52
7 " 8.54

Similarly we calculated the energy emitted from the surface by lithium nuclei. The results are
given in Tables 1 and 2, The absorbed dose rate in a capsule with an internal surface of 10 cm? contain-
ing 1.55°10~% g heptane was calculated from the data in Tables 1 and 2 for the chosen thermal neutron
flux: it was found to be 4.47-10° rad/sec.

To check these calculations we carried out dosimetric experiments in one of the experimental
holes of the VVR-M Reactor of the Institute of Physics of the Ukrainian Academy of Sciences, The
dosimeters were plates of polyvinyl alcohol colored with methylene blue [8]. When the plates are irra-
diated in a capsule of boron-containing glass, v -neutron radiation from the nuclear reactor and the
products of the reaction B%n, o)Li’ both act on the plate, whereas on irradiation in a'quartz capsule
only the y-neutron radiation from the reactor acts: the energy of the products of the nuclear reaction
was found by subtracting the dose acquired by the plates in the second case, D,, from that acquired in
the first case, Dy, The flux density of the thermal neutrons was 1.12-101 neutr/cmz-sec and the duration
of irradiation was 30 min, giving partial decolorization of the plates. The thermal-neutron flux was
registered by means of radioactive indicators with gold foils and cadmium filters; the intensity of colora-
tion and thicknesses of the plates were measured by means of an SF-4 spectrophotometer and an MBI-8m
microscope. Table 3 gives the experimental data: the results will be seen to be highly reproducible.

The mean dose rate for plates of polyvinyl alcohol, calculated from the experimental data, was
found to be 4.02:10% rad/sec; on conversion to n-heptane, allowing for the difference in the electron .
densities of heptane and polyvinyl alcohol, it was 4,51-10° rad/sec, The agreement between the calculated
and measured dose rates confirms the validity of the calculations,

Calculations showed that an appreciable part of the kinetic energy of the a particles and Li' nuclei
was converted in the vessel walls to heat; as a result, the irradiated substance may become heated to the
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temperature required for radiation-thermal cracking. We performed experiments to determine the
temperature in the capsule, using a chromel-alumel thermocouple and the same experimental hole in
which the dosimetric experiments were performed: we found that the temperature can easily be regulated
by varying the reactor power. Figure 2 plots the results of one of the temperature experiments: it will
be seen that there is a linear relation between the temperature and the reactor power in the range from
250 to 450 °C, which is of interest for radiation-thermal cracking,
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A QUASISTATIONARY CALORIMETRIC METHOD OF DOSIMETRY
FOR HIGH FLUXES OF IONIZING RADIATION

V.M., Kolyada, V,.S8.Karasev, UDC 536.629
and K, S. Pedchenko

Calorimetric methods of reactor radiation dosimetry have developed greatly in recent times, This
is true not only because they can be used for obtaining valuable information on the interaction of radiation
with various materials but also because only limited opportunities exist for the use of ionization, chemical,
and other methods of dosimetry for measurements in the active zone of a reactor. The latter factor
becomes decisive in work with modern high-flux reactors of the VVR-M, SM-2, or VR-2 type, and even
more for the reactors now being planned, with a neutron flux of more than 10%% thermal neutrons/cm?2-sec
[1], where the energy generated in the nonfissionable materials amounts to tens of watts per gram.

Theadiabatic [2, 3] and kinetic [4-6] methods used today have inherent temperature limitations,
Theadiabatic method requires complete thermal isolation of the specimen from the external surroundings,
which is difficult to achieve for temperature increase rates of more than 100°C/min [7]. The kinetic
method is based on the hypothesis that the temperature increases as an exponential function of time, but
this is valid only at low temperatures.

Isothermal calorimeters [8-10] are capable, in theory, of operating in fields of arbitrarily high
intensity. However, precise dosimetry requires high-powered electric heaters, thermocouple systems,
high-temperature insulation, and radiation shielding, which makes it quite difficult to use them when
large amounts of heat are being generated under the limited-volume conditions of the experimental
channels, :

The VVR-M reactor was equipped for a long time with an isothermal calorimeter which had elec-
trical compensation for the heat generated in the specimen being investigated [11], and this made it
possible to determine within 3-5% the amount of energy absorbed in specimens of various dimensions [12],
However, the measurements were made at reactor power values below the nominal value, because of the
high density of heat generation in the materials of the calorimeter and the specimen,

In order to raise the upper limit of the measurements, we devised a quasistationary calorimetric
method based on the known physical phenomenon that a specific amount of heat is isothermally absorbed
(or emitted) when a crystalline solid melts (or crystallizes) (Fig.1).

If a crystalline solid placed in the experimental channel with a constant wall temperature (Tw=const)
is melted by the energy absorbed from the reactor radiation, then evidently the length of the melting
plateau (the melting time) (see region 2 in Fig. 1) will be directly related to the magnitude of the absorbed
dose by the simple formula

Q=221 1

where Q is the radiation energy absorbed per unit tlme in the calorimeter; A is the heat of fusion; m is
the mass of the working medium; AT is the melting time of the working medium determined from the
diagram; k is the heat loss of the calorimeter per unit time under isothermal conditions (Ty,~ Ty,=const),

Equation (1) contains two unknown quantities, Q and k,

If Q; is the energy absorbed per unit time for a reactor power Nj, then for small variations in
power we have

X Ny, ' (2)

which enables us to determine Q and Q2

Translated from Atomnaya Energiya, Vol, 21, No.86, pp.520 522, December, 1966. Original
article submitted April 14, 1966,
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Fig. 1. Melting-crystallization diagram,

Fig. 2. Quasistationary calorimetric instrument: 1) thermocouple; 2) elec-
tric heater; 3) tube for specimen; 4) working medium; 5) thin-walled shell,

Fig. 3. Dependence of the magnitude of the absorbed energy in the calori-
meter on the height of the channel (8MW).

For experiments in low-energy channels, where the radiant power is insufficient to melt the
working medium, we can determine the absorbed energy from the process of cooling of a working
medium whose temperature has been previously raised into the liquid phase by means of a heater (see
regions 4,5, and 6 in Fig. 1), ‘

The quantities Q found by the above method are the sums of the energies absorbed per unit time in
the specimen under investigation and in the calorimeter. The latter is easily found by means of a special
experiment without a specimen,

A second way of determining the absorbed energy by the quasistationary method requires no
changes in reactor power and permits us to measure the absorbed energy directly in the specimen '
itself. Let the temperature of a calorimeter placed in the irradiation zone without a specimen, under
stationary thermal conditions, be somewhat less than the Ty, of the working medium, This is relatively
easy to achieve by selecting our working medium and heat exchange conditions properly (by using the
geometry of the calorimeter, insulation, etc.). If we introduce the specimen under investigation, the
heat generated in it will be consumed in melting the working medium and heating it in the liquid phase,
If we then remove the specimen from the calorimeter, the temperature of the latter will drop to the
initial value (T < Tp,). In accordance with the resulting melting-crystallization diagram, we set up the
system of equations: ' :

A
QC&IOI+Q§P :£I+k1

Am
Q calor+ Aty =k.

(3)

Subtracting the second equation from the first, we obtain a value for the radiant energy absorbed per
unit time in the specimen, :

The calorimetric measurements were made in a vertical channel situated in the beryllium reflector
of the reactor (flux density 10! thermal neutrons/cm?sec). The experimental apparatus — the quasi-
stationary calorimeter (Fig.2) — consisted of a thin-walled aluminum shell with centered boreholes, the
working medium (tin), a tube containing the heater, and the thermocouples, The stationary temperature,
established in the calorimeter at maximum reactor power (8 MW), was less than the melting point of the
working medium (232°C), This was done in order that we might test the above-described methods of
~ determining the absorbed energy from the melting time and crystallization time of the working medium
and at the same time experimentally determine the error in the measurements, by finding the power of
the electric heater by means of electrical measuring instruments and using the simple equations (3). To
melt working medium, we applied additional heat by means of an electric heater,
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The measurements were made at reactor power values of 6.5 MW and 8 MW, and the calorimeter
was shifted along the height of the channel, The melting-crystallization diagrams were recorded with
an EPP-09M recorder moving at 1440 mm/h,

The measured and calculated data are given below and in Fig, 3

Melting time of working medium at reactor power of 8 MW and

electrical power of 60 W 72 sec
Crystallization time of working medium at reactor power of 8 MW 120 sec
Melting time of working medium at reactor power of 6,5 MW and .

electrical power of 82 W 64 sec
Crystallization time of working medium at reactor power of 6,5 MW 68 sec
Am 2870 J
Power of electric heater, calculated from melting time and crystal- ,

lization time at reactor power of 8 MW 63.6 - 60 63.6 W

Deviation from value obtained with instruments .100 =69,

0
Power of heater, calculated from melting time and crystal- 6
lization time at reactor power of 6.5 MW 87— 89 87T W
Deviation from value obtained with instruments T 100 = 6.19%

Absorbed radiant energy in the calorimeter, calculated

from crystallization time at reactor power values of 8 MW

and 6,5 MW 12.2 W/MW
Absorbed radiant energy in calorimeter, calculated from melting

time at reactor power values of 8 MW and 6.5 MW
Deviation from average value

11.4 W/MW

+ =
1224114 = 1) 840.4(3.4%)

2

The results obtained in calculating the energy absorbed in the calorimeter on the basis of the
isothermal melting time and crystallization time agree to within +3,49%, and the results of the heater
power calculations on the basis of electrical measuring instruments and the melting-crystallization
diagram agree to within 6%, This error can be reduced by using a faster recorder speed,

Thus, in contrast to the present methods of calorimetric dosimetry, the:quasistationary method
enables us to specify the desired measuring temperature by selecting the appropriate working medium
for the calorimeter. This enables us to avoid the high temperatures that arise in the channels of the
active zone, :

Electrical calibrating heaters are widely used both in adiabatic and in isothermal methods, and this
makes the design and operation of the instruments a good deal more comphcated In the method proposed
here, there is no need to use such heaters.

An important difference between the quasistationary method and the adiabatic and isothermal
methods is that the requirements imposed on the temperature sensor are considerably simplified and
reduced; a single thermocouple, which does not require calibration, serves as the sensor in this method,
and there is no experimental error due to changes in readings produced by irradiation and other factors.

The quasistationary calorimetric method of reactor radiation dosimetry is simple and highly
reliable and yields results with a good accuracy over a wide range of radiation intensities; the upper
limit of measurement is practically unbounded, and this is achieved by using substances with the necessary
melting points and heats of fusion as the working medium in the calorimeter,
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CHRONICLES

FIRST SYMPOSIUM ON LOW-TEMPERATURE
PLASMA GENERATORS

B.A.Uryukov

A symposium devoted to research on the properties of the electric arc, its interactions with
electrodes, gas streams, and magnetic fields in low-temperature MHD generators, was held July 4-9,
1966, at the Institute of Theoretical and Applied Mechanics of the Siberian Division of the USSR Academy
of Sciences (Novosibirsk), The symposium attracted 120 representatives of nearly 50 organizations from
over 10 cities throughout the nation. Forty nine papers were read and discussed. The papers submitted
encompassed the following topics: 1) theoretical research on interactions between an electric arc and a
gas stream and externally applied magnetic field; 2) dimensionless criteria for characterizing the per-
formance of low-temperature plasma generators; 3) experimental research on the electric arc operating
under forced heat-transfer conditions; 4) arc transients; 5) electrode sheath effects in high-pressure
arcs, electrode spot motion mechanisms, electrode erosion; 6) investigation of breakdown phenomena
in a gas stream.

The symposium showed that significant progress has been made in the study of arc combustion in
the year elapsed since the Second All-Union Conference on Low-Temperature Plasma Generators (see
Atomnaya Energiya, 19, No.6 (1965)). The number of papers dealing with theoretical arc calculations
under stabilized container wall and gas stream conditions increased noticeably. A trend toward semi-
empirical theories was marked in the treatment of dimensionless criteria, There was heightened in-
terest in the study of plasmotrons featuring magnetic arc stabilization, Experimental research on
physical processes at work in the arc column has been expanded. Papers appeared on the structure
of electrode sheath processes. The symposium took note of the importance of engineering developments
in new advanced designs of plasma heaters for concrete applications. Work on plasmotrons with rising
voltage-current characteristics could produce profitable cost dividends, considering the possibility of
lossless performance with ballast resistors,

The resolution adopted by the symposium noted at the same time that physical processes .occurring
in the arc column, and the subject of arc-stream and arc-electrode interaction have not been studied

.adequately to date, For instance, the quality of theoretical work on arc calculations in a gas stream

leaves much to be desired. The range of similitude criteria studied with reference to plasmotron per-
formance is still too meager for any confident predictions of plasmotron performance at levels. of
interest to industry. Physical experimentation techniques for studying high-pressure arc column
processes are still rudimentary, The mechanism behind breakdown development between arc and elec-
trode in plasmotrons and the relationship between heat input to electrodes by surface heating in elec-
trode spots and Joule heating in the interior of the electrodes remain obscure, The effect of the nature

of the electrode material and of surface chemical reactions on electrode erosion has been given insuffi-
cient study.,

A paper presented by A, T, Onufriev and V. G, Sevast'yanenko (ITAM), "Transfer of radiant
energy in spectral lines, with allowances for reabsorption, " describes an approximate method for
calculating radiative energy transfer in a spectral line (or in a system of lines) when the temperature
and frequency dependences of absorptivity are important, The spectral range is divided into several
intervals within each of which the absorptivity is frequency-averaged

V3 1/2

Translated from Atomnaya Energiya, Vol.21, No.6,pp.523-525, December, 1966,
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where k is the average absorptivity; ky is the local absorptivity at frequency v ; v — v, is the frequency
interval in-question. This method is highly accurate using a small number of spectral subintervals,

Reports by M, E, Zarudi and I, S. Edel'baum (All-Union Research Institute for Electrothermal
Equipment), "Stepwise approximation of temperature profiles and characteristics of channel arcs for
argon, nitrogen, hydrogen, helium, and air," and "Electrical arc column calculations in a channel with
radiation taken into account" (M, E, Zarudi), discussed methods for wall-stabilized electric arc calcula-
tions, The approach involves breaking up the arc combustion channel into several intervals within which
the properties of the material (thermal conductivity, electrical conductivity, emissivity) will be temper-
ature-independent. The problem reduces mathematically to solving a system of algebraic equations in
which the electric-field intensity appears as the unknown,

G. 1. Kozlov (Institute of Problems in Mechanics) studied a model of an arc stabilized by axial
gas flow, Assuming that Meeker's theory holds in the region occupied by the arc, he determined the
characteristics of the nonconducting region and the arc diameter downstream in the gas, A similar
theory was developed by A, B, Kuvaldin and M, Ya, Smelyanskii (Moscow Power Institute), in the paper
"Conversion of voltage-current characteristics of an arc swept by a laminar flow." They also delineated
the range of applicability of the method (in the case of air, the theory is valid to currents of 1000 A).
A paper by A. M, Kruchinin (Moscow Power Institute), "Results of a study of an automatic current
stabilization system for electric-arc gas heaters, " was devoted principally to the transient period of the
_thermal equilibrium in an arc swept by longitudinal flow, The arc combustion region is broken up into a
laminar -conducting region and a nonconducting region with developed turbulence, and an attempt is made
to deal with the effect of gas swirling, The dynamic properties of the plasmotron are handled as a
controlled system, A high-speed contactless automatic stabilizer designed on the basis of this theory
aids stable combustion of an arc supplied from a controlled rectifier with a smoothing choke and with no
ballast resistor in the arc circuit, Results of the study were checked out on 50 kW and 1000 kW plasmo-~
tron units, The automatic system with close-to-optimum parameters provides excellent arc current
stabilization, ' :

A report by S. S. Kutateladze et al, (Institute of Heat Transfer Physics, Siberian Division of the
USSR Academy of Sciences), "Dimensionless criteria for characteristics of low-temperature plasma
generators, " discussed the relationship between the thermal efficiency of plasmotrons and the plasmotron
performance parameters, on the basis of the relationship between Stanton number and Reynolds number
in heat transfer with a flat plate in a laminar stream. Possible departures from the law as a result of
nonisothermal flow, breakdown conditions, and other effects were analyzed. Experimental data on
thermal efficiency, relating to argon at pressures to 30 mm Hg, ‘were generalized in the light of the
dependence between efficiency, Reynolds number (0.4-10% to 9.4-10° range), and mean free path length
(2+107% to 4,6-1073 cm). Note that the mass-average temperature at the plasmotron exit was taken to be
a decisive factor,

nElectric arc in argon and cesium stream in the presence of a magnetic field" by V. Yu. Baranov
and K, N. Ultyanov (V. I. Lenin All-Union Electrical Engineering Institute), and "Experimental investiga-
tion of the effect of a magnetic field on an electric arc in the presence of gas flow" by A, F, Vitshas et al,
(I. V. Kurchatov Institute of Atomic Energy) were papers of interest from the vantage point of gaining
an understanding of the physics underlying the combustion process of an arc immersed in transverse flow
in a magnetic field, The possibility of the arc glowing in "sweepthrough" flow when molecules of stream-
ing gas pass through the arc, and in "sweep-around" flow when heavy particles are slowed down in the
arc, as well as the possible existence of a pulsed breakdown mode in which the arc extends periodically
in loops along the flow and becomes shunted, were demonstrated, Critical magnetic field and gas
pressure values at which the arc combustion mechanism undergoes changes were determined both
theoretically and experimentally. The possible use of an arc in a magnetic field as the pre-ionizer in a
nonequilibrium MHD generator and as a plasma generator component was also discussed,

nExperimental investigation of physical processes in an electric arc moving in response to a
magnetic field" by V. K,Ivanov discussed probe measurements of the principal conduction zone of an
arc moving between parallel electrodes immersed in atmospheric air, This zone is situated in the front
of the arc and has appreciable current densities, "Investigation of a de coaxial plasmotron® by V. S,
Kisel' et al, ITAM) described operational features of a plasmotron consisting of coaxial electrodes with
a longitudinal magnetic field over a wide range of gas flowspeeds, At low gas flowspeeds (below 15 m/sec),
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an increase in applied magnetic field means higher field intensity across the arc, but the effect of
the magnetic field is reversed at higher flowspeeds. Axial gas flowspeeds were studied up to 100 m/sec.

Several papers were devoted to measurements of temperature profiles in arcs swept by longitudinal
flow. V.M. Gol'dfarb and A. M. Uzdenov (Leningrad A, I. Gertsen State Pedagogical Institute) described
electron temperature and heavy particle temperature variations in an argon burner of fixed arc length,
in "Temperature of electrons and heavy particles in an arc with axial argon flow." The gas temperature
was determined calorimetrically, and the electron temperature was determined by monochromatic photo-
metry. In agreement with already published results, it was shown that the electron temperature is
higher than the temperature of the heavy particles, while the difference between the temperatures narrows
down as the current is stepped up, as the gas flowrate is lowered, or as the plasmotron nozzle is taken
further off the axis of the arc, The time to reach equilibrium was estimated. "Temperature field of an
argon arc" by R. S. Bobrovskaya (All-Union Res. Inst, for Electrothermal Equipment) discussed measure-
ment of the temperature field of a long arc by the intensity ratio of the ATand A II spectral lines, as
well as by the intensity ratio of spectral line to background. An exponential fall-off in axial temperature
from cathode to anode was reported, along with quasi-isothermal intervals, dips in the temperature
profile in the anode sheath region of the arc column, Some interesting findings from temperature field
measurements are also to be found in "Stabilized arc in a plasma melting furnace" by the same author,
and in "Discussion of axial temperature field in an eddy-stabilized-arc plasmotron, " by A. V. Bolotov
et al, (Kazakhstan Polytechnic Institute),

Observations of gas flow patterns in a plasmotron end electrode were detailed by A. D, Lebedev
et al. (ITAM), "Aerodynamics of a single-chamber eddy-gas-stabilized plasmotron and aerodynamic
effects on arc behavior." Visualization of the flow patterns in a transparent plasmotron model was
achieved by stirring in oil, sand grains, and dyed water in the gas flow. The gas eddy stream was
divided into two zones, the first (closer to the eddy chamber) featuring much greater rotation speeds
and axial gas flowspeeds than the second. The zones were separated by an annular eddy device rotating
at high speed. The second zone also terminated in an eddy. It is possible for still more zones to exist,
A certain functional relationship between the penetration of the first zone in the interior of the electrode,
the ratio of the diameters of the end electrode and exit electrode, and the reduced average flowspeed
at the plasmotron exit., Experiments conducted on a plasmotron geometrically-identical to the above model
showed that the position of the arc termination in the end electrode is approximately the same as that
of the end of the first zone, if the arc is burning in this electrode with no longitudinal shunting. Similar
studies carried out with a two-chamber plasmotron were described by those authors in a companion paper,
"Arc voltage regulation in a two-chamber plasmotron by adjusting gas flowrate through eddy chambers,"

"Electric field strength in a stabilized are" by G. Yu. Dautov and M. 1. Sazonov (ITAM) cited
findings in a dimensionless-criterion treatment of electric field intensity in a sectionalized eddy-stabi-
lized plasmotron. A relationship between the potentials of one interval of arc and plasmotron sections
surrounding that interval was established; this relationship is due to an unsustained discharge struck
between the arc and the plasmotron sections, The voltage-current curves of that discharge were cited,

nExperimental results on plasmotron arc voltage oscillations" by M, G, Morozov and V, N, Ivanov
(Mechanics Research Institute of Moscow State University) pointed out some interesting regularities in
the arc shunting process in an eddy-stabilized plasmotron. The effects of polarity and of the dimensions
of the exit nozzle on the frequency of voltage ripple and on the shape of shunting oscillograms were
dealt with,

nInvestigation of electrode sheath phenomena in a moving arc" by V. M. Minorov discussed measure-
ment of the "voltage equivalent" of the heat flow in spots of an arc moving between parallel electrodes
in response to a magnetic field, and studies of spot structure and of current density in spots. It was
shown that spots break up into a large number of coexisting small spots. The nature of their motion
depends on the state of the surface and on electrode polarity. Current density at the cathode is 2.10*
A/cm? and is independent of the velocity of the arc. As the velocity varies from 50 to 150 m/sec, the
current density at the anode increases from 1.5°10% to 4.5-10* A/cm?, The "voltage equivalents" of the
heat flow are 7 V for cathode and 11 V for anode, and are independent of the rate at which the spots move,

®Calculating erosion of cold cathodes in an electric arc" by I. G, Panevin et al, (Moscow S, Ordzho-
nikidze Aviation Institute) made an attempt to calculate the rate of removal of material from the cathode,
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In the view of the authors, the basic contribution to cathode material evaporation is made by internal
sources (Joule heating). The results of exploding-wire studies were utilized in calculating metal behavior
effects at high current densities (from 10° to 108 A/ecm?),

The symposium resolution took note of the basic trends evident in research on low-temperature
plasma electric arc generators: 1) theoretical studies of interaction between the electric arc, gas flow,
and magnetic field in plasmotrons; 2) development of-engineering techniques of design using semiempi-
rical theories to account for the behavior of the arc in plasmotrons and to arrive at dimensionless
criteria dependences over a wide range of criteria; 3) improved existing techniques and new techniques
for precision physical research on the structure of the electric arc under a variety of conditions; 4)
theoretical and experimental research on electrode sheath phenomena, erosion of electrodes, the role
of electrode materials with different physical properties and design features; 5) the use of transients
in plasmotrons, '

The symposium noted the absence, throughout the country, of adequate operational information

. on engineering developments in this field of science. To cope with this, the Institute of Theoretical
and Applied Mechanics (IPAM) of the Siberian Division of the USSR Academy of Sciences recommended
the organization of an information section on low-temperature plasma generators charged w1th the task
* of regularly pubhshlng an information bulletin,

_ " IPAM also suggested scheduling regular symposia on 1ow—temperature plasma generators with
each one centered around a restrlcted range of related toplcs

The symposium proceedings will be published in the periodical Izvestiya SlblI‘SkOgO otdeleniya
AN SSSR. Tekhnicheskaya seriya [Bulletin of the Siberian Division of the USSR Acad. Sci., Technical
series].
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CRIMEAN SCHOOL FOR THEORETICAL PHYSICISTS

S.Gerasimov, A, Govorkov,
R, Mir-Kasimov, and V, Zamiralov

The summer International School on the Theory of Elementary Particles, organized under joint
auspices of the Academy of Sciences of the Ukrainian SSR and the Dubna Joint Institute for Nuclear
Research, was held April 14 through May 5, 1966, at the site not far from Yalta, Participating were
about 200 representatives of various scientific institutions in the USSR, Bulgaria, Hungary, the Demo-
cratic Republic of Vietnam, the German Democratic Republic, the Chinese Peoples Democratic
Republic, Poland, Rumania, Czechoslovakia, and invited guests from Britain, Israel, India, and the USA,

The school's program centered mainly on the theory of symmetries in strong interactions and on
the algebra of currents. Some of the reports and papers also shed light on such major problems as
breakdown of CP invariance in kaon decay, the solution of dispersion equations, or closed bootstrap
solutions, etc,

Many of the reports and lectures were devoted to one of the most thought-provoking hypotheses
current in the physics of strong interactions, that of compound models, Lectures by A, N, Tavkhelidze
(JINR) reviewed the literature and summarized results on description of the properties of low-lying
excited states in baryons and mesons on the basis of the relativistic compound model elaborated by
N. N. Bogolyubov and his school. Electromagnetic interactions in the quark model were discussed by
A. M, Baldin, V. A, Matveev (JINR), and by V. P, Shelest (Institute of Theoretical Physics, Kiev).
Baldin discussed a variant of the theory in which spatial distribution of quarks within the nucleon is
concentrated in a region of small radius (on the order of the Compton length of the nucleon), and the
observable radius of the nucleon is due mainly to the meson "coat" of the quarks.

The audience was greatly interested in Lipkin's (Israel) lectures on application of the quark model
to relationships between interaction cross sections of particles at high energies, proton and antiproton
annihilation, renormalization of the axial-vector component in beta decay. Lectures by Marshak (USA)
treated the use of the quark model to obtain commutation relations between current operators and gene-
ralized charges, lying at the basis of the now highly popular method of algebra of currents.

In a certain sense, the algebra of currents is a new type of symmetry in the theory of elementary
particles. In contrast to conventional symmetries, such as isotopic invariance of the eightfold way, the
algebra of currents does not presume a classification of particles in terms of irreducible representa-
tions of some group, but instead imposes certain commutation relations on physical currents or gene-
ralized charges of various fields. A review paper on this theory was presented by A, V, Efremov (JINR),
Lectures by I. Yu. Kobzarev and B, L. Ioffe (Institute of Theoretical and Experimental Physics, Moscow
[ITEF]) gave detailed accounts of the corollaries deriving from the application of the algebra currents to
the study of weak interactions.

Yu. M, Shirokov (Steklov Institute of Mathematics) dealt with the general properties of dynamical
moments, of which the currents are a particular case. The intriguing possibility of the existence of
conserved tensor currents and their relation to the SU(6) group were discussed by V. L. Ogievetskii and
I. V. Polubarinov (JINR),

Mathematical aspects of the theory of noncompact groups were discussed in a series of lectures
given by different authors. A cycle of lectures by M. A, Naimark and a lecture by I, M, Gel'fand (Steklov
Inst, Math,) dealt with mathematical research on the construction of infinite-dimensional unitary repre-
sentations of noncompact groups, Lectures by I, T, Todorov (JINR) gave an account of a method for
constructing several unitary infinite-dimensional representations of noncompact groups which should be
useful in the study of dynamic symmetries. As examples, the author cited oscillator and rotator sym-
metries, the Chew-Low model, and the hydrogen model. The last example was also discussed in reports

Translated from Atomnaya Energiya, Vol.21, No.6, pp.525-526, December, 1966.
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by V. S. Popov (TEF, Moscow) and Werle (Poland). In the theory of elementary particles, Todorov
suggested considering a noncompact group obtained as a semidirect product of a Poincaré group and a
group of complex linear transformations in six-dimensional space with a unit determinant, as a dynamical
symmetry, thereby generalizing the known static group SU(6). Lectures by Fronsdal (USA) discussed the
same relativistic generalization of the SU(6) group.

Relativistic extensions of the static SU(6) group using finite-dimensional representations of non-
compact groups run into severe difficulties caused by the required unitarity of the S-matrix. Nguyen Van
Hieu (JINR) showed how these difficulties can be obviated in the use of infinite-dimensional representa-
tions. Methuse (Britain) pointed out a possible incompatibility between the unitarity and causality require~
ments of the S-matrix in the group of symmetries including the Poincaré group. Lectures by D. V.,
Volkov (Physics and Engng. Inst., Khar'kov) discussed finite—-dimensional representations of collinear
groups deriving from static groups of higher-order symmetries as particles move along a single line.

Numerous topics relating to the applications of one-dimensional dispersion relations without
subtractions to determine the electromagnetic properties of baryons were discussed in lectures by L. D,
Solov'ev (Institute of High Energy Physics, Serpukhov).

A possible connection between the symmetries of strong interactions between hadrons and dynamical
equations in the bootstrap method was reported by P, 8. Isaev (JINR),

A. A. Komar (Lebedev Physics Institute of the USSR Acad. Sci.) discussed a general classification
of groups currently in use in the theory of elementary particles, in a review paper, and dealt with
experimental verification of the groups. Rosenfeld's (USA) lectures containing a survey of the latest
experimental data on mesonic and baryonic resonances were greeted with interest.

A survey of theoretical papers on the CP problem (nonconservation of CP parity in K-meson decay)
was given by Yu. M, Shirokov. He pointed out the inconsistency of attempts to retain CP invariance in
the theory, based on the assumed existence of additional effects simulating CP invariance in the theory
(the presence of external galactic fields, the existence of particles similar to the KJ-meson and with
CP = +1, differences in pion statistics and Bose statistics, etc.).

A review of experimental work on CP parity was given in a lecture by E, O. Okonov (JINR).

An original report by B, A, Arbuzov (Institute of High Energy Physics, Serpukhov) and A, T,
Filippov (JINR) was devoted to possible breakdown of CP invariance in a combination of weak and electro-
magnetic interactions through a change in the usual geometry at close distances. A lecture by V. B,
Berestetskii (ITEF, Moscow) presented a review of work on possible violation of C-parity in the inter-
action of high-spin particles with an electromagnetic field, G, Wick (USA) discussed discrete C, P, and
T symmetries and gave information on an original determination of these operations suggested by Wigner,
in which the number of components of the wave functions has to be doubled.

V. G. Kadyshevskii, R. M, Muradyan (JINR), and N. N, Achasov (Mathematics Institute of the
Siberian Division of the USSR Academy of Sciences, Novosibirsk), reported on possible lepton sym-

- metries.

An attempt to include gravitation in the theory of elementary particles was related by M. A,
Markov (JINR).

A communication by D. I, Blokhintsev (JINR) discussed localization of particles in the relativistic
theory. D. V. Shirkov (Math, Inst. Siberian Div, USSR Acad, Sci,) gave an account of a dispersion~rela-
tions approach to low-energy scattering of hadrons, based on the Mandel'stam representation, The pro-
ceedings of the Yalta summer school, supplemented by lectures given by Academician N, N, Bogolyubov
on the theory of elementary particle symmetries will be published as a symposium entitled "High energy
physics and the theory of elementary particles" by the Naukova dumka press in Kiev,
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CONFERENCE ON THE DIFFRACTION TECHNIQUES.
IN THE STUDY OF CRYSTAL IMPERFECTIONS

- O.N,Efimov

A second expanded conference on the study of crystal imperfections by diffraction techniques
(x-ray and electron microscope techniques) was held February 2-5, 1966, at the Semiconductor Institute
of the USSR Academy of Sciences, The conference attracted over 250 scientists and engineers from
different scientific research institutions,

Diffraction techniques for investigating defects have become generally popular in our country and
elsewhere in the past few decades, These methods can be used to extract information on the type of
defects, their distribution throughout the bulk of the crystal, the nature of stresses introduced by different
imperfections into the crystal lattice. The study of crystal imperfections is very much on the order of
the day, since many of the physical properties of crystals, semiconductor and laser properties as an
example, and the range of applicability of these properties, are determined by imperfections present
in the crystals, such as impurity atoms, vacancies and vacancy clusters, and thermal vibrations of
the atoms,

The development of diffraction techniques is accompanied by difficulties of its own, the most
crucial being the lack of any dynamical theory to account for scattering by crystals having different im-
perfections, It has been possible to make successful use of one or another acceptable model of crystal
scattering in electron microscopic studies of crystals with imperfections, in some cases, but the
problem is an extremely involved one in the case of x-ray diffraction, and at present we have no satis-
factory quantitative model at all (different models now considered account for only the qualitative aspect
of modification of scattering by defect crystals or deformed crystals), The construction of such a
rigorous quantum-mechanical theory appears to be in the offing in the near future,

The conference discussed the status of the dynamical theory of scattering by crystals with imper-
fections, diffraction techniques for studying imperfections in crystals, and progress achieved in practical
applications of such techniques. Reports were heard on the general problems in the dynamical theory
of scattering related to the study of crystal imperfections (Z. G, Pinsker), fundamentals of techniques
in diffraction electron microscopy (V. N. Rozhanskii), the present state of electron microscopic techniques
in experimental research on crystal imperfections (L., M, Utevskii). Topographical techniques in the
study and interpretation of crystal imperfections were reported on by A, M. Elistratov (since deceased),
I. L. Shul'pin, and V, F, Miuskov, Quantitative methods for studying the general degree of perfection
of crystals were discussed by the late A, M. Elistratov and by O. N, Efimov, An interesting paper,
*Suppression of nuclear reactions in resonance interaction of particles with nuclei in ideal crystals
(nuclear anomalous absorption effect in crystals)", was presented by Yu. M, Kagan and A, M, Afanas'ev,
who demonstrated the possible existence of such an effect and gave an explanation for it.

Several original papers on electron microscopy were also presented: one on diffraction contrast
from twins in martensite, and on precipitations of a second phase in nimonic type alloy; one on the study
of dislocations accompanying crystal growth, or appearing in various processes applied to specimens
and imperfections, and on dislocations forming in the breakdown of metallic solid solutions at different
stages.

Reports on work involving diffuse scattering of x-rays reported applications to the study of the
structure of decaying solid solutions (using the example of ionic and metallic solid solutions), and based
on the current kinematical theory of scattering,

Quite a few papers were devoted to the study of defects in almost perfect crystals by methods based
on dynamical effects, Among these are topographical x-ray techniques (Borrman, Lang, Berg-Barrett,
Fujiwara, Kossel) and quantitative x-ray techniques (involving integral characteristics and absorption
discontinuities), In contrast to the preceding conference, at which work on the study of imperfections in
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germanium and silicon dominated the discussion, the 1966 conference was more representative of the
increasing number of problems being solved and tackled in research, at a level which can make increasing
use of dynamical techniques. The scope of practical problems now includes germanium and silicon single
crystals, Al,05 crystals, artificial quartz, ammonium and potassium dihydrophosphate crystals, various
epitaxial films, etc.

The reports- dealt with the most pressing problems in research on-crystal imperfections-encoun-
tered in the growing of perfect single crystals and epitaxial films, in the fabrication of d1ffus1on instru-~
ments, in radiation studies, and in other fields,

Several papers were devoted to quantitative treatment of the overall degree of perfection of crystals
containing imperfections such as radiation defects, vacancies and vacancy clusters, thermal vibrations
of atoms.

The conference should stimulate an expansion of experimental and theoretical work capable of
solving not only purely theoretical problems in the physics of real crystals, but also practical problems
in a variety of fields of contemporary engineering and industry where perfect single crystals are required.
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SYMPOSIUM ON THE DISPOSAL OF RADIOACTIVE WASTES
IN SEAS, OCEANS, AND SURFACE WATERS

V. M, Vdovenko, L. I. Gedeonov,

and P, M. Chulkov

The International Atomic Energy Agency held a symposium in Vienna, May 16-20, 1966, to
discuss the disposal of radioactive wastes in the seas, oceans, and surface waters of the world. The

symposium was attended by 160 scientists from 25 countries and from five international agencies.

Reports fell into three groups.

The first group included 29 papers devoted to physical and biological transport of isotopes in the
disposal of radioactive wastes in seas, oceans, and surface waters. These papers dealt with dilution,
dispersion, precipitation, absorption of radioactive materials by organisms in rivers and in various-
land-locked water reservoirs, They also reported results of research on the migration of artificially
radioactive isotopes and, in this context, on the turbulent diffusion of water masses at the mouths and
estuaries of rivers, gulfs and inlets, and coastal waters at waste disposal sites, as well as propagation
of radioisotopes in the open sea or ocean.

The second group of papers analyzed human exposure to radiation as a result of the disposal of
radioactive wastes in seas, oceans, and surface waters, The flow of radioactive isotopes through food
cycles and their incorporation in food cycles through irrigation, external radiation dosage and exposure
estimates for individuals or groups through the disposal of radioactive wastes in the water environment
were studied. Several reports dealt with programs and reésearch findings preceding the research on
radioactive waste disposal at sea,

A third group of papers dealt with the possible effect of radioactive wastes on the resources of
the seas, oceans, and surface . waters. The somatic effect of radiation exposure on aquatic organisms
and the genetic results affecting populations of aquatic organisms were investigated in these papers.

A large number of the papers dealt with radioecological and radiobiological problems.

We realize from a perusal of the symposium materials that disposal of radioactive wastes in seas
or rivers is still a common practice. Reports were made on the disposal of wastes into the Columbia,
Clinch, and Tennessee rivers (USA); into the Solway Firth inlet; into the mouth of the Blackwater river
(Britain); into the North Sea in the Petten area near Amsterdam (Netherlands); in the Rhéne river
(France); in the Tvidren Gulf on the Baltic Sea (Sweden), Sea disposals in the Trombay area near Bombay
(India) are also known. Extensive research on the degree of dilution of waste simulants has been carried
out at Cape Ag (France), where a large spent-fuel reprocessing plant is soon to go into operation.

The greatest volume of radioactive-waste disposal in sea water is at Windscale (Britain), where
the activity runs into tens of thousands of curies annually in total beta-activity. '

All the countries disposing of radioactive wastes in open waters are engaged in extensive dosi-
metric monitoring programs and scientific research programs applying modern techniques (multi-
dimensional gamma-ray spectrometry) and sophisticated instrumentation and equipment: ships, specially
designed equipment, large-scale simulated plants. Experiments involving mass tagging of fish and
marine animals, as well as radioecological experiments in specially set aside natural water reservoirs,
are in progress. This work is accompanied by observations and monitoring of global radioactive fallout
levels.

Many investigators in capitalist countries have failed to take proper notice of the threat of proli-
feration of local radioactive contamination into global proportions as a result of continued expanded use
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of atomic energy and the projected increase in the number of plants reprocessing spent nuclear fuel.
The local situation is assessed as a favorable one in the reports submitted by these scientists, A degree
of alarm is noted only in contributions made by West Germans,

Soviet scientists have always insisted that the problem of disposal of radioactive wastes in seas,
oceans, and surface waters must be approached as a problem of mternatlonal 1mport

Th1s point of view, expressed by the majority of specialists in the Soviet Union, is now shared by

" a considerable portion of investigators in the socialist countries and by some scientists in those countries
where the sea and its resources play an important economic role, The viewpoint is based on the fact that
the disposal of industrial radioactive wastes in open waters, seas, and oceans is considered inadmissible
in view of the potential hazard of worldwide radioactive pollution, the possible consequences of which
could be danger to ocean resources and to humans, in the light of data now available, Dumping radio-
active wastes in territorial waters cannot be considered merely an internal matter of each government,
since radioactive materials can cause harm to the population of neighboring states, and to the resources
of international waters as a whole, through migration,

A fully developed presentation of the opinions of Soviet specialists may be found in articles by V. P.
Spitsyn and B. S. Kolychev (Atomnaya Energiya, 9, 58 (1960); 10, 634 (1961)).

The opposite point of view is that of representatives of countries with small and densely populated
territory. The viewpoints of scientists from such countries is expressed most clearly in the writings and
statements of G, J. Dunster (Britain), On the scientific and technical plane, this viewpoint holds that
disposal of wastes in surface water systems and at sea can be organized with proper observance of public
health and hygiene norms and with no hazard to the resources of seas and oceans. A careful study need
only be made of possible consequences of waste disposal with a view to preventing hazardous conditions.
On the juridical plane, the viewpoint holds that we are dealing so far only with disposal of radioactive
wastes in internal water reservoirs and territorial waters, and that as long as this is the case the
problem of the possible radiation environment resulting is the internal affair of each state. In cases
where radioactive wastes go beyond the limits of territorial waters and get into international waters,
we can be guided by article 25 of the April 29, 1958 Convention on the Open Seas, according to which
nations are obligated to observe all rules and regulations which may be elaborated by the competent
international agencies,

The data reported at this symposium are evidence that disposal of radioactive wastes in the ocean
and in other open water systems have aggravated radioactive pollution of the ocean to such an extent
that it now merits immediate attention,

For example, the bottom sediments of the Columbia River (USA) alone contain isotopes with
act1v1ty in the neighborhood of 30, 000 Ci. Sr® activity in the Clinch river (USA) amounts to about
1110 Ci. The plutonium production plant at Marcoule (France), which has been on stream for over
seven years at this writing, dumped 2584 Ci of waste effluent activity into the Rhone river in 1965. The
Windscale plant (Britain) disposes of beta-active isotopes with a total activity in the neighborhood of
50 kCiannually at sea. No exact information was presented at the symposium on the total amount of wastes
disposed of, including burial of medium-level wastes at sea and disposal of high-activity wastes in .
containers,

The development outlook for nuclear power and the rates of growth of total reactor output on a
worldwide basis in the future must be known in order to forecast the amount of radioactive wastes to be
disposed of. The solution of this problem in a first approximation is achievable through analysis of Krb®
content in the world atmosphere. Rapid development of nuclear production worldwide will render the
problem of radioactive wastes disposal even more acute in the very near future,
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